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In the past, many timber bridge railings, bridge railings for use on timber deck 
bridges, and approach guardrail transition systems to accompany these railings, have been 
developed to meet different impact safety criteria. Through an extensive literature review, 
the design details of these systems were identified and organized. A survey was then 
developed and distributed to multiple government agencies and timber industry members 
to identify their desire for these bridge railing and approach guardrail transition systems to 
be developed to meet current American Association of State Highway and Transportation 
Officials (AASHTO) Manual for Assessing Safety Hardware (MASH) impact safety 
criteria. The data provided from the survey was analyzed, and a list of 15 bridge railing 
systems was created, which included accompanying approach guardrail transitions. This 
list prioritized the bridge railing systems based upon the number of survey respondents 
requesting such a bridge railing system. Cost estimates for the research and development 
of each bridge railing system were also provided in order to proceed into subsequent phases 
of this research project.  
The development of a MASH TL-4 glued-laminated (glulam) timber rail with curb 
bridge railing system was initiated in Phase II. Many similar systems have been developed 




meet current MASH impact safety criteria. Through impact simulations with the computer 
software program BARRIER VII, a model was created and calibrated to previous crash 
testing results. After a series of modifications to the bridge railing system represented in 
the model, including increasing the size and height of multiple components, the simulation 
effort demonstrated that the modified TL-4 bridge railing was acceptable under the MASH 
criteria. Additional research on connection details and timber deck strengths, the 
development of an approach guardrail transition system, and component and full-scale 
testing programs are yet to be performed in the completion of the Phase II project. 
An additional project was advanced and involved the adaptation of a previously-
developed, MASH TL-1 crashworthy, low-height, curb-type, glulam bridge railing system 
for transverse, nail-laminated decks to be capable of use on transverse, glulam timber 
decks, which is part of a Phase III effort. Analysis of the system components and timber 
deck types led to the creation of a static and dynamic component testing program utilizing 
two surrogate bridge decks. To date, the test plans and details have been developed, with 
the construction and testing programs yet to be performed. In the future, results from the 
component testing program will be utilized to demonstrate that the bridge railing system 
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Between 1988 and 2013, numerous bridge railing systems were developed for use 
on timber deck bridges in accordance with the impact safety criteria found in the National 
Cooperative Highway Research Program (NCHRP) Report No. 350, Recommended 
Procedures for the Safety Performance Evaluation of Highway Features [1]; the American 
Association of State Highway and Transportation Officials (AASHTO) Guide 
Specifications for Bridge Railings [2]; and the AASHTO Manual for Assessing Safety 
Hardware (MASH) 2009 [3]. In 2016, AASHTO’s MASH was updated. Both MASH 2009 
and MASH 2016 [4] included updated impact conditions and safety evaluation criteria, 
which reflected current vehicles and characteristics, new hardware categories, improved 
crash test documentation, objective vehicle damage criteria, and refined occupant risk 
limits. To date, two bridge railing systems have been developed, only one of which has 
been crash tested, for use on wood bridges using the updated MASH 2016 impact 
conditions and evaluation criteria. The only crash tested system to meet MASH impact 
safety criteria was a Test Level-1 (TL-1) low-height, curb-type, glued-laminated (glulam) 
timber bridge railing system [5-6]. The other system to be developed under MASH criteria 
was a Test Level-3 (TL-3) W-beam system [7]. Thus, there exists a need to develop new 
and/or modify existing bridge railing and approach guardrail transition systems for use on 
wood bridges under the MASH 2016 impact safety standards. For this effort, these systems 
would need to be subjected to crash testing along with an evaluation of the results. In some 
scenarios, it would be possible to utilize static and/or dynamic component testing to 
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demonstrate equivalency when crashworthy bridge railing systems are installed on 
alternative bridge deck types. 
In collaboration with the United States Department of Agriculture – Forest Service 
– Forest Products Laboratory (USDA – FS – FPL), the Midwest Roadside Safety Facility 
(MwRSF) of the University of Nebraska-Lincoln (UNL) initiated a multiphase project to 
(1) identify bridge railing systems that were previously developed under prior safety 
criteria, (2) document bridge railings currently in use in the field, (3) create a research plan 
to update selected bridge railing and approach guardrail transition systems, and (4) perform 
the research to design these systems to meet current AASHTO MASH 2016 impact safety 
standards. Research performed for Phase I of the project can be found in Sections 2 through 
7.  
Phase II of the research program was initiated with additional funding provided by 
the USDA – FS – FPL, and targeted the development of the top priority system identified 
in Phase I, a glulam timber rail with curb bridge railing system designed to meet MASH 
TL-4 impact safety criteria. Information on the Phase II research project can be found in 
Section 8. However, it should be noted that only partial funding had been provided to date 
to make progress on the Phase II bridge railing design effort. 
In Phase III of this study, MwRSF also collaborated with the USDA – FS – 
Missoula Technology and Development Center (USDA – FS – MTDC) to perform research 
on an additional timber bridge railing system that was identified in the Phase I study for 
the USDA – FS – FPL. The research performed for this project was aimed at the adaptation 
of a MASH TL-1 crashworthy, low-height, curb-type, glulam bridge railing system for 
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transverse, nail-laminated timber bridge decks to be capable of use on transverse, glulam 
timber bridge decks. Information of the Phase III research project is detailed in Section 9. 
Due to its prominence in timber bridge railing systems, background information on 
glulam timber is necessary for understanding of the research compiled in this thesis. Nearly 
all of the research efforts included in this thesis will incorporate the use of glulam. Glulam 
timber is a construction material consisting of multiple pieces of wood, or wood 
laminations, that are bonded together using extremely durable adhesives. A schematic of 
glulam timber is provided in Figure 1. Glulam members can be fabricated to virtually any 
reasonable size and length. Because glulam members are built-up sections of smaller pieces 
of wood, it is much easier to obtain a high quality wood member than simply using sawn 
timber. Different combinations of timber species and grades can also be created in order to 
optimize the member for different types of loading, including for impact loading scenarios. 
For these reasons, glulam timber has continued to be used in the roadside safety industry.  
 
Figure 1. Schematic of Glulam Timber [8] 
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1.2 Project Objectives  
The primary objectives of the Phase I research study with the FPL were to identify 
previous cooperative projects that resulted in the development and crash testing of bridge 
railings for use on wood bridges in order to formulate a new design and crash testing 
program to develop new and/or upgrade existing bridge railings and approach guardrail 
transitions to meet current national impact safety standards. 
This project focused on commonly-used, non-proprietary, bridge railing systems. 
The systems consisted of sawn timber, glulam timber, steel, concrete, or any combination 
of the aforementioned materials. The future systems would be installed on many different 
deck types, such as longitudinal or transverse glulam, nail-laminated, spike-laminated, or 
stress-laminated timber decks. Information on each of these deck types can be found in 
Timber Bridges: Design, Construction, Inspection, and Maintenance, published in 1990 by 
the USDA-FS [9]. In the past, some systems had even been modified for implementation 
on reinforced concrete or fiber-reinforced polymer decks. 
To complete Phase I, a test plan was to be created to determine and prioritize the 
specific systems that should be developed for future use. Continued research in subsequent 
project phases and/or other projects would then develop the systems incorporated in the 
test plan as funding became available. 
The primary objective of the Phase II research study was to develop a glulam timber 
rail with curb bridge railing system in compliance with MASH 2016 Test Level 4 (TL-4) 
safety performance criteria for use on both transverse and longitudinal, glulam timber as 
well as reinforced-concrete bridge decks. This thesis contains only the initial efforts to 
develop this updated bridge railing system with the available funding. In future tasks under 
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Phase II, the final system details as well as an approach guardrail transition will also be 
configured to connect W-beam guardrail systems to the glulam timber rail with curb bridge 
railing system. The approach guardrail transition shall be configured to meet the MASH 
2016 TL-3 safety performance criteria. 
The bridge railing system was configured to use glulam timber for all of the wood 
components, such as the upper rail, lower curb rail, scuppers, spacer blocks, and support 
posts. The bridge railing system will later be constructed and crash tested on the critical 
timber deck configuration in order to allow its use on alternative timber and reinforced-
concrete slab decks. A critical deck thickness and deck cantilever, or overhang, will later 
be determined. The research and development effort utilized survey data, a literature 
review, and partner expertise to determine the practical ranges for glulam deck panel 
dimensions (i.e., widths, lengths, and thicknesses) as well as ranges for deck cantilevers 
for transverse, glulam timber decks. The initial development effort considered common 
timber species, such as Southern Yellow Pine (SYP) and Douglas Fir (DF), for the bridge 
railing system’s structural components. 
In testing, the glulam timber decks will be configured with a 2-in. thick asphalt 
wearing surface to represent the opening of the new bridge structure with railings. As such, 
the development of the bridge railing and transition systems will need to consider this 
initial condition. Further, roadways associated with real-world bridge structures often 
require a future asphalt overlay, which can add 2 in. to the overall surfacing on the timber 
deck. The development effort considered an overall surfacing thickness of 4 in. when 
determining the geometric and structural requirements of the bridge railing system to meet 
the MASH 2016 TL-4 impact safety criteria. 
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Over time, timber bridge deck systems can be susceptible to the long-term effects 
of excess moisture on the members, which can result in degraded structural capacity, as 
well as cause timber elements to swell, shift, and/or rotate. For this study, it was desirable 
for the project team to brainstorm, consider, and possibly implement cost-effective 
measures that are targeted to reduce exposure of timber deck elements under the asphalt 
wearing surface to hydraulic water runoff and prolonged water accumulation near the 
bridge railing system. Considerations for such environmental factors will be contained in 
the research efforts to be performed beyond the work reported herein. 
For the Phase III research project in collaboration with the USDA – FS – MTDC, 
the primary objectives were to develop the necessary details to adapt a previously crash 
tested, MASH TL-1 timber curb-type system, originally developed for use on a transverse, 
nail-laminated deck, to be capable of use on a typical USDA – FS transverse, glulam timber 
bridge deck, and to demonstrate that this system meets MASH 2016 TL-1 impact safety 
standards when installed on this alternative deck type. 
1.3 Research Approach 
The first step in this research process was to perform a literature review. This 
investigation was completed by searching through MwRSF’s expansive library of research 
and test reports, journal articles, and conference papers on bridge railing and approach 
guardrail transition systems. Multiple searches were also performed using online databases, 
including but not limited to, the Transportation Research Board’s (TRB) Transport 
Research International Documentation (TRID) database and Google Scholar. In searching 
through these sources, all reports and papers covering bridge railing systems attached to 
timber bridge decks, timber bridge railings anchored to concrete bridge decks, or approach 
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guardrail transitions developed for these systems were acquired, reviewed, and compiled 
into Sections 3 through 5 of this thesis.  
An electronic informational survey was also developed and submitted to 
consultants, contractors, and Federal and State government agencies to obtain details 
regarding bridge railing systems currently in use. The survey also served as a means to 
obtain feedback from these groups in regard to the systems that they would like to see 
updated and/or developed to meet the current AASHTO MASH 2016 standards. More 
information on this survey can be found in Section 6 of this thesis, and a copy of the survey 
can be found in the Phase I report published in 2020 [10]. 
Using information gathered from the literature review and survey, as well as the 
opinions of the research team, a priority listing of bridge railing and approach guardrail 
transition systems was created for guiding the future redesign, upgrade, testing, and 
evaluation under the AASHTO MASH 2016 impact safety criteria. A global priority list of 
research projects with rough estimated costs and bulleted lists of tasks was created for each 
set of bridge railing and approach guardrail transition systems. This summary is tabulated 
in Section 7 of this thesis. 
After completion of the Phase I project, additional funding was received in order to 
begin research in the Phase II project. The Phase II study discussed herein targets the initial 
development of a TL-4 glulam timber rail with curb bridge railing system to meet the 
MASH 2016 impact safety standards. The full development of the bridge railing system 
details and the future development of a compatible MASH TL-3 approach guardrail 
transition are not contained herein. This project will require numerous work tasks and 
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subtasks to complete the overall effort to design, test, and evaluate the new bridge railing 
system with additional funding. 
For Phase II, Task 1 encompassed the development of the bridge railing system, 
and Task 2 will cover the development of the approach guardrail transition system. Each 
of these tasks include obtaining background information on similar systems, analysis and 
design through computer simulation in the BARRIER VII software program, and 
development of CAD details for each part of the overall system. In Task 3, dynamic 
component testing is to be performed on the timber deck system. This task is to include the 
development of a test plan for different post to deck connection methods, performing the 
testing, and analyzing all results. Task 4 will build upon the results of Task 3 by 
encompassing full-scale crash testing of the bridge railing and transition systems. All 
testing should comply with the standards set in MASH 2016. Crash tests should be 
performed to evaluate the bridge railing and deck system at critical impact points according 
to test designation nos. 4-10, 4-11, and 4-12, using an 1,100-kg small car, a 2,270-kg 
pickup truck, and a 10,000-kg single-unit truck, respectively. Crash tests on the approach 
guardrail transition system near the bridge railing end as well as at the upstream stiffness 
transition using test designation nos. 3-20 and 3-21 will also need to be performed. It is 
anticipated that two 1,100-kg small car tests and two 2,270-kg pickup truck tests will be 
required to evaluate the downstream and upstream stiffness transitions, as well as reverse-
direction impacts. Task 5 will finish Phase II of the project through development of final 
guidelines and design details, dissemination of testing results and reports, and 
implementation of all research findings.  
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This thesis only details the initial progress made on Task 1 of the project, as the 
research involved in Tasks 2 through 5 is yet to be performed in the future. Specifically, 
Task 1 of the Phase II project involved 5 subtasks. The first subtask included the gathering 
of information on similar systems and critical parameters through survey data, a literature 
review, and correspondence with the sponsor. The first subtask also included general 
project planning and management, which will continue through all Tasks involved in the 
project. The second subtask was to develop a BARRIER VII bridge railing model that was 
calibrated to crash tests run on a similar glulam timber rail with curb bridge railing system. 
Once the model was calibrated using NCHRP Report No. 350 crash tests, subtasks three 
and four involved the modification of model parameters to reflect changes to the bridge 
railing system that was designed to meet MASH 2016 TL-4 impact safety criteria and 
account for asphalt overlays up to 4 in. thick in total. With the process of updating the 
bridge railing system, additional simulations were performed in order to identify the critical 
impact points for future crash testing with a pickup truck and a single-unit truck. The 
objective of subtask five involves the development of final design recommendations along 
with consideration of sponsor feedback, and the preparation of 2-D and 3-D CAD details 
presenting the updated design. Subtask five will be completed in the near future. 
To complete the Phase III research for the USDA – FS – MTDC, the design and 
testing of the original TL-1 curb-type system was reviewed and analyzed, along with 
analysis of transverse, glulam timber deck bridge designs. A static and dynamic testing 
plan was developed, and 3-D CAD details were to be created to represent the system on 
both deck types. Materials were then acquired for constructing two bridge deck systems in 
order to run one static and one dynamic test on each deck type, for a total of four tests. In 
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the future, the four tests will be conducted, and the test results and data will be analyzed 
and compared. If the systems are deemed equivalent for use on each deck type, final CAD 
details, guidelines, and reports will be created. Otherwise, system modifications will be 
made in order to create an equivalent system and then reporting will be performed.  
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2 LITERATURE REVIEW 
2.1 Literature Review 
For this research project, an in-depth investigation was conducted to identify all 
crashworthy bridge railing systems developed for use on wood bridge decks, wood bridge 
railings that were developed for reinforced concrete decks, as well as approach guardrail 
transitions that were developed for use with the existing bridge railings. To do so, a 
common literature review was performed, as well as searches through multiple web-based, 
online sources of standard details and plans, research reports, test reports, journal articles, 
conference papers, and webpages. From this literature review, 25 bridge railing systems 
were discovered, 14 of which were also developed with a guardrail to bridge railing 
transition or end treatment. For each bridge railing, transition, or end treatment, multiple 
pieces of information were collected, including: 
 System name, 
 Test specification, 
 Test or performance level, 
 Test details, 
 Deck type, 
 System materials, 
 Research sponsor, and 
 Research or test agency.  
The test specification refers to the standards that were used to crash test and evaluate the 
system. For example, NCHRP Report No. 350 [1] or AASHTO Guide Specifications for 
Bridge Railings [2] would both be considered test specifications. The test details contain 
information about the type and weight of vehicle used in testing, the impact speed, and the 
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impact angle. Further, schematics and photographs of each system were gathered, if 
available. 
A search was also performed to find consulting groups, contractors, and fabricators 
that design, supply, and build wood bridges across the United States. Using commercial 
websites, additional information and images of existing bridge railing systems were 
collected. The organizations that were found and investigated included the following: 
 Alamco Wood Products, LLC/Bell Structural Solutions; Albert Lea, MN; 
 Backwoods Bridges; Freeport, FL; 
 Bridge Builders USA, Inc.; Otto, NC; 
 Laminated Concepts Inc.; Big Flats, NY; 
 Nature Bridges; Monticello, FL; 
 Western Wood Structures; Tualatin, OR; 
 Wheeler Lumber LLC/Erickson Engineering; Eden Prairie, MN; and 
 York Bridge Concepts; Lutz, FL. 
It was found that many of these companies use bridge railing systems similar to those that 
have been tested in the past, but with slight modifications or deviations. For this reason, 
these companies were also contacted during the survey portion of this research project in 
order to obtain more information. 
 Systems found through the literature review were then organized based on key 
characteristics and broken down into families of systems. The research team identified 
seven different families of systems, six of which were later considered for new research 
and development in the survey portion of this project. These seven families will be 
identified and examples will be shown in the next section of this thesis.  
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3 BRIDGE RAILING SYSTEMS 
3.1 Introduction 
Section 3 provides an overview of 25 bridge railings for timber deck bridges or 
timber bridge railings for other deck types, such as reinforced concrete. As previously 
stated, seven families of systems were identified through the literature review. The seven 
families of systems are as follows: (1) Low-Height, Curb-Type Systems; (2) Timber 
Railing without Curb Systems; (3) Timber Railing with Curb Systems; (4) Timber Barrier 
Systems; (5) W-Beam Systems; (6) Thrie Beam Systems; and (7) Steel-Backed Timber 
Systems. In this chapter, Sections 3.2 through 3.4 detail Low-Height, Curb-Type Systems, 
Sections 3.5 through 3.7 detail Timber Railing without Curb Systems, Sections 3.8 through 
3.13 detail Timber Railing with Curb Systems, Section 3.14 details a Timber Barrier 
System, Sections 3.15 through 3.18 detail W-Beam Systems, Sections 3.19 through 3.23 
detail Thrie Beam Systems, and Sections 3.24 through 3.26 detail Steel-Backed Timber 
Systems. It should be noted that the Timber Barrier System family was not offered for 




3.2 Low-Height, Curb-Type, Timber Bridge Railing [11-17] 
Test Specification: NCHRP Report No. 350 [1] 
Test Level: Sub-TL 1 
Test Details:  4,406-lb pickup truck, 14.4 mph, 15 degrees 
Deck Type: Longitudinal, Glulam Timber Deck 
System Material: Sawn Timber Rail and Scuppers 
Research Sponsor: USDA – FS – FPL 











Figure 2. Schematics of Low-Height, Curb-Type, Timber Bridge Railing: (a) 12-in. Tall 
Square; (b) 12-in. Tall Rectangle; and (c) 14-in. Tall Trapezoid 
(c) 14-in. Tall Trapezoid 






Figure 3. Low-Height, Curb-Type, Timber Bridge Railing: 12-in. Tall Square
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3.3 Low-Height, Curb-Type, Glulam Bridge Railing [13-19] 
Test Specification: NCHRP Report No. 350 [1] 
Test Level: TL-1 
Test Details: 4,435-lb pickup truck, 31.6 mph, 24.3 degrees 
Deck Type: Longitudinal, Glulam Timber Deck 
System Details: Glulam Timber Rail with Sawn Timber Scuppers 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
Figure 4. Schematic of Low-Height, Curb-Type, Glulam Bridge Railing 
   
Figure 5. Low-Height, Curb-Type, Glulam Bridge Railing 
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3.4 Low-Height, Curb-Type, Glulam Bridge Railing [5-6] 
Test Specification: AASHTO MASH 2009 [3] 
Test Level: TL-1 
Test Details: 5,007-lb pickup truck, 30.8 mph, 26.1 degrees 
Deck Type: Transverse, Nail-Laminated Timber Deck 
System Materials: Glulam Timber Rail with Sawn Timber Scuppers 
Research Sponsor: West Virginia Department of Transportation (WVDOT) 
Research/Test Agency: MwRSF – UNL 
 
Figure 6. Schematic of Low-Height, Curb-Type, Glulam Bridge Railing 
    
Figure 7. Low-Height, Curb-Type, Glulam Bridge Railing 
Note: This bridge rail was developed for use with the Low-Height, Curb-Type, Glulam 
Bridge Railing End Treatment found in Section 4.2 of this thesis. 
18 
 
3.5 “Shoe Box System”/Glulam Timber Rail without Curb Bridge Railing                           
[13, 15, 17, 19, 20-26] 
Test Specification: AASHTO Guide Specifications for Bridge Railings (1989) [2] 
Performance Level: Performance Level 1 (PL-1) 
Test Details: 5,400-lb pickup truck, 45.0 mph, 21.8 degrees; 1,849-lb car, 50.1 mph, 21.5 
degrees 
Deck Type: Longitudinal, Glulam Timber Deck 
System Material: Glulam Timber Rail with Sawn Timber Posts 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
Figure 8. Schematic of "Shoe Box System" Bridge Railing 
        
Figure 9. "Shoe Box System" Bridge Railing 
Note: This bridge railing was developed for use with the “Shoe Box System” Transition 
found in Section 4.3 of this thesis. 
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3.6 Timber Bridge Rail System I [27-28] 
Test Specification: AASHTO Guide Specifications for Bridge Railings (1989) [2] 
Performance Level: PL-1 
Test Details: 1,800-lb car, 50.1 mph, 18.6 degrees; 5,400-lb pickup truck, 46.0 mph, 20.3 
degrees 
Deck Type: Transverse, Glulam Timber Deck 
System Material: Glulam Timber Rail with Sawn Timber Posts 
Research Sponsor: United States Department of Transportation – Federal Highway 
Administrations (USDOT – FHWA) – Office of Engineering and Highway 
Operations 
Research/Test Agency: Constructed Facilities Center – West Virginia University (CFC – 
WVU) and Texas A&M Transportation Institute (TTI) 
 
Figure 10. Schematic of Timber Bridge Rail System I (No Photographs Available) 
Note: This bridge railing was developed for use with the Timber Bridge Rail System I 
Transition found in Section 4.4 of this thesis. 
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3.7 Glulam Timber Bridge Railing [29-30] 
Test Specification: NCHRP Report No. 350 [1] 
Test Level: Test Level 2 (TL-2) 
Test Details: 4,478-lb pickup truck, 42.9 mph, 26.2 degrees 
Deck Type: Transverse, Glulam Timber Deck 
System Material: Glulam Timber Rail and Posts 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
Figure 11. Schematic of Glulam Timber Bridge Railing 
Figure 12. Glulam Timber Bridge Railing 
Note: This bridge railing was developed for use with the Glulam Timber Bridge 
Railing/Nested W-Beam Guardrail Transition found in Section 4.5 of this thesis. 
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3.8 Glulam Bridge Rail [31] 
Test Specification: AASHTO Guide Specifications for Bridge Railings (1989) [2] 
Performance Level: PL-1 (Preliminary Guidelines) 
Test Details: 1,983-lb car, 59.2 mph, 20.0 degrees; 5,419-lb pickup truck, 47.5 mph, 20.0 
degrees 
Deck Type: Glulam Timber Deck 
System Material: Glulam Timber Rail with Sawn Timber Curb and Posts 
Research Sponsor USDOT – FHWA – Office of Traffic and Safety Operations 
Research/Test Agency: The Scientex Corporation 
 
Figure 13. Schematic of Glulam Bridge Rail 
    
Figure 14. Glulam Bridge Rail 
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3.9 Weyerhaeuser Traffic Rail [32] 
Test Specification: 1975 AASHTO Interim Specifications for Highway Bridges [33] 
Performance Level: NA 
Test Details: Static Load Testing Only 
Deck Type: Longitudinal, Glulam Timber Deck 
System Materials: Glulam Timber Curb and Rail with Sawn Timber Posts 
Research Sponsor: Weyerhaeuser Company 
Research/Test Agency: Weyerhaeuser Company 
 
Figure 15. Schematic of Weyerhaeuser Traffic Rail 
 
Figure 16. Weyerhaeuser Traffic Rail 
23 
 
3.10  “Curb System”/Glulam Timber Rail with Curb Bridge Railing [13, 15, 17, 19, 
20-26] 
 
Test Specification: AASHTO Guide Specifications for Bridge Railings (1989) [2] 
Performance Level: PL-1 
Test Details: 5,400-lb pickup truck, 44.1 mph, 23.4 degrees 
Deck Type: Longitudinal, Glulam Timber Deck 
System Materials: Glulam Timber Rail with Sawn Timber Curb and Posts 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
  
Figure 17. Schematic of "Curb System" Bridge Railing 
  
Figure 18. "Curb System" Bridge Railing 
Note: This bridge railing was developed for use with the “Curb System” Transition found 
in Section 4.6 of this thesis. 
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3.11 Timber Bridge Rail System II [27-28] 
Test Specification: AASHTO Guide Specifications for Bridge Railings (1989) [2]  
Performance Level: PL-1 
Test Details: 1,800-lb car, 49.7 mph, 21.0 degrees; 5,400-lb pickup truck, 46.1 mph, 19.1 
degrees 
Deck Type: Transverse, Glulam Timber Deck 
System Material: Glulam Timber Rail with Sawn Timber Curb and Posts 
Research Sponsor: USDOT – FHWA – Office of Engineering and Highway Operations 
Research/Test Agency: CFC – WVU and TTI 
 
Figure 19. Schematic of Timber Bridge Rail System II (No Photographs Available) 
Note: This bridge railing was developed for use with the Timber Bridge Rail System II 




3.12 Glulam Timber Rail with Curb Bridge Railing (GC-8000) [13, 15, 17, 19, 24-26, 
34-35] 
 
Test Specification: AASHTO Guide Specifications for Bridge Railings (1989) [2] and 
NCHRP Report No. 350 [1] 
Test Level: Performance Level 2 (PL-2) and Test Level 4 (TL-4) 
Test Details: 18,000-lb single-unit truck, 51.2 mph, 16.8 degrees; 4,509-lb pickup truck, 
57.5 mph, 21.8 degrees; 4,600-lb pickup truck, 60.9 mph, 24.9 degrees 
Deck Type: Longitudinal, Glulam Timber Deck 
System Materials: Glulam Timber Rail with Sawn Timber Curb and Posts 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
Figure 20. Schematic of GC-8000 Bridge Railing 
  
Figure 21. GC-8000 Bridge Railing 
Note: This bridge railing was developed for use with the GC-8000/Standard W-Beam 
Guardrail Transition found in Section 4.8 of this thesis. 
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3.13 Glulam Timber Rail with Curb Bridge Railing [15-17, 36-37] 
Test Specification: NCHRP Report No. 350 [1] 
Test Level: TL-4 
Test Details: 17,637-lb single-unit truck, 46.5 mph, 16.0 degrees; 4,394-lb pickup truck, 
61.6 mph, 27.4 degrees 
Deck Type: Transverse, Glulam Timber Deck 
System Material: Glulam Timber Rail, Curb, and Posts 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
  
Figure 22. Schematic of Glulam Timber Rail with Curb Bridge Railing 
  
Figure 23. Glulam Timber Rail with Curb Bridge Railing 
Note: This bridge railing was developed for use with the Glulam Timber Rail with Curb 





3.14 Weyerhaeuser Traffic Barrier [32] 
Test Specification: 1975 AASHTO Interim Specifications for Highway Bridges [33] 
Performance Level: NA 
Test Details: Static Load Testing Only 
Deck Type: Longitudinal, Glulam Timber Deck 
System Materials: Glulam Timber Components 
Research Sponsor: Weyerhaeuser Company 
Research/Test Agency: Weyerhaeuser Company 
 
Figure 24. Schematic of Weyerhaeuser Traffic Barrier 
 




3.15 Flexible, W-Beam Bridge Railing [11-17, 38] 
Test Specification: NCHRP Report No. 350 [1] 
Test Level: TL-1 
Test Details: 4,504-lb pickup truck, 30.6 mph, 24.9 degrees 
Deck Type: Longitudinal, Glulam Timber Deck 
System Materials: Steel Rail with Sawn Timber Posts 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
Figure 26. Schematic of Flexible, W-Beam Bridge Railing 
     




3.16 Semi-Rigid, Top-Mounted, W-Beam Bridge Railing [13-17, 39] 
Test Specification: NCHRP Report No. 350 [1] 
Test Level: TL-1 
Test Details: 4,412-lb pickup truck, 31.8 mph, 25.2 degrees 
Deck Type: Longitudinal, Glulam Timber Deck 
System Material: Steel Rail and Posts 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
  
Figure 28. Schematic of Semi-Rigid, Top-Mounted, W-Beam Bridge Railing 
     




3.17 W-Beam Bridge Rail [7] 
Test Specification: AASHTO MASH 2009 [3] 
Test Level: TL-3 
Test Details: Not Tested 
Deck Type: Transverse, Glulam Timber Deck 
System Material: Steel Rail and Posts 
Research Sponsor: Roadside Safety Research Program Pooled Fund 
Research/Test Agency: TTI 
 
 




3.18 Timber Bridge Rail System III [27-28] 
Test Specification: AASHTO Guide Specifications for Bridge Railings (1989) [2] 
Performance Level: PL-1 
Test Details: 1,800-lb car, 51.0 mph, 20.4 degrees; 5,400-lb pickup truck, 47.0 mph, 20.5 
degrees 
Deck Type: Transverse, Glulam Timber Deck 
System Material: Steel Rail with Sawn Timber Posts 
Research Sponsor: USDOT – FHWA – Office of Engineering and Highway Operations 
Research/Test Agency: CFC – WVU and TTI 
 
Figure 31. Schematic of Timber Bridge Rail System III (No Photographs Available) 
Note: This bridge railing was developed for use with the Timber Bridge Rail System III 





3.19 “Steel System”/Steel Thrie Beam Bridge Railing [13, 15, 17, 20-26] 
Test Specification: AASHTO Guide Specifications for Bridge Railings (1989) [2] 
Performance Level: PL-1 
Test Details: 5,600-lb pickup truck, 44.2 mph, 19.1 degrees 
Deck Type: Longitudinal, Glulam Timber Deck 
System Material: Steel Rail and Posts 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
Figure 32. Schematic of "Steel System" Bridge Railing 
  
Figure 33. "Steel System" Bridge Railing 
Note: This bridge railing was developed for use with the “Steel System” Transition found 




3.20 Steel Thrie Beam with Structural Channel Bridge Railing (TBC-8000)                         
[13, 15, 17, 24-26, 34, 40] 
Test Specification: AASHTO Guide Specifications for Bridge Railings (1989) [2] 
Performance Level: PL-2 
Test Details: 18,001-lb single-unit truck, 47.4 mph, 16.1 degrees 
Deck Type: Longitudinal, Glulam Timber Deck 
System Material: Steel Rail and Posts 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
Figure 34. Schematic of TBC-8000 Bridge Railing 
   
Figure 35. TBC-8000 Bridge Railing 
Note: This bridge railing was developed for use with the TBC-8000/Standard W-Beam 




3.21 Steel Thrie Beam with Structural Channel Bridge Railing [29-30] 
Test Specification: NCHRP Report No. 350 [1] 
Test Level: TL-2 
Test Details: 4,434-lb pickup truck, 41.4 mph, 25.6 degrees 
Deck Type: Transverse, Glulam Timber Deck 
System Material: Steel Rail and Posts 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
  
Figure 36. Schematic of Steel Thrie Beam with Structural Channel Bridge Railing 
  
Figure 37. Steel Thrie Beam with Structural Channel Bridge Railing 
Note: This bridge railing was developed for use with the Steel Thrie Beam with Structural 
Channel Bridge Railing/Standard W-Beam Guardrail Transition found in Section 4.13 




3.22 Steel Thrie Beam with Structural Channel Bridge Railing [41-42] 
Test Specification: NCHRP Report No. 350 [1] 
Test Level: TL-2 
Test Details: Dynamic Component Testing Only 
Deck Type: Transverse, Nail-Laminated Timber Deck 
System Material: Steel Rail and Posts 
Research Sponsor: WVDOT 
Research/Test Agency: MwRSF – UNL 
 
Figure 38. Schematic of Steel Thrie Beam with Structural Channel Bridge Railing 
  
Figure 39. Steel Thrie Beam with Structural Channel Bridge Railing 
(Adapted from original system on Transverse, Glulam Timber Bridge Deck, and 




3.23 Steel Thrie Beam with Structural Tube Bridge Railing [15-17, 36-37, 43] 
Test Specification: NCHRP Report No. 350 [1] 
Test Level: TL-4 
Test Details: 4,496-lb pickup truck, 58.2 mph, 25.5 degrees; 18,975-lb single-unit truck, 
47.5 mph, 14.6 degrees 
Deck Type: Transverse, Glulam Timber Deck 
System Material: Steel Rail and Posts 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
Figure 40. Schematic of Steel Thrie Beam with Structural Tube Bridge Railing 
  
Figure 41. Steel Thrie Beam with Structural Tube Bridge Railing 
Note: This bridge railing was developed for use with the Steel Thrie Beam with Structural 





3.24 Glacier Removable Rail [44] 
Test Specification: NCHRP Report No. 350 [1] 
Test Level: TL-1 
Test Details: 1,843-lb car, 31.6 mph, 19.4 degrees; 4,409-lb pickup truck, 32.1 mph, 24.7 
degrees 
Deck Type: Concrete Deck 
System Material: Timber Rail with Steel Posts 
Research Sponsor: USDOT – FHWA – Office of Safety and Traffic Operations 
Research/Test Agency: TTI 
 
Figure 42. Schematic of Glacier Removable Rail 
  




3.25 Glacier Log Removable Rail [44] 
Test Specification: NCHRP Report No. 350 [1] 
Test Level: TL-1 
Test Details: 1,808-lb car, 31.6 mph, 20.9 degrees; 4,519-lb pickup truck, 31.7 mph, 26.1 
degrees 
Deck Type: Concrete Deck 
System Material: Timber Rail with Steel Posts 
Research Sponsor: USDOT – FHWA – Office of Safety and Traffic Operations 
Research/Test Agency: TTI 
 
Figure 44. Schematic of Glacier Log Removable Rail 
    




3.26 Tubular Steel-Backed Timber Bridge Rail [44] 
Test Specification: NCHRP Report No. 350 [1] 
Test Level: TL-3 
Test Details: 4,597-lb pickup truck, 61.9 mph, 25.5 degrees 
Deck Type: Concrete Deck 
System Material: Timber Rail with Steel Posts 
Research Sponsor: USDOT – FHWA – Office of Safety and Traffic Operations 
Research/Test Agency: TTI 
 
Figure 46. Schematic of Tubular Steel-Backer Timber Bridge Rail 
  
Figure 47. Tubular Steel-Backed Timber Bridge Rail 
Note: This bridge railing was developed for use with the Tubular Steel-Backed Timber Bridge 




4 GUARDRAIL TO BRIDGE RAILING TRANSITIONS AND END 
TREATMENTS 
4.1 Introduction 
Section 4 contains an overview of 14 approach guardrail transitions or end 
treatments for use with some bridge railings previously depicted in Section 3. 
4.2 Low-Height, Curb-Type, Glulam Bridge Railing End Treatment [5-6] 
Test Specification: AASHTO MASH 2009 [3] 
Test Level: TL-1 
Test Details: Not Tested 
Deck Type: Transverse, Nail-Laminated Timber Deck 
System Materials: Glulam Timber Rail with Sawn Timber Scuppers 
Research Sponsor: WVDOT 
Research/Test Agency: MwRSF – UNL 
 
Figure 48. Schematic of Low-Height, Curb-Type, Glulam Bridge Railing End Treatment    
       
Figure 49. Low-Height, Curb-Type, Glulam Bridge Railing End Treatment 
Note: This transition was developed for use with the Low-Height, Curb-Type, Glulam Bridge 
Railing found in Section 3.4 of this thesis. No crash testing was performed on this end 
treatment. Crash testing would need to be performed under AASHTO MASH TL-1 




4.3 “Shoe Box System” Transition [22, 26] 
Test Specification: NCHRP Report No. 230 [45] 
Test Level: Multiple Service Level 1 (MSL-1) 
Test Details: 4,430-lb sedan, 60.2 mph, 15.0 degrees 
Deck Type: Longitudinal, Glulam Timber Deck 
System Material: Steel Rail to Timber Rail Transition 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
Figure 50. Schematic of "Shoe Box System" Transition 
       
Figure 51. "Shoe Box System" Transition 
Note: This transition was developed for use with the “Shoe Box System” Bridge Railing 




4.4 Timber Bridge Rail System I Transition [27-28] 
Test Specification: AASHTO Guide Specifications for Bridge Railings (1989) [2] 
Performance Level: PL-1 
Test Details: Not Tested 
Deck Type: Transverse, Glulam Timber Deck 
System Material: Continuous Timber Rail Transition 
Research Sponsor: USDOT – FHWA – Office of Engineering and Highway Operations 
Research/Test Agency: CFC – WVU and TTI 
 
Figure 52. Schematic of Timber Bridge Rail System I Transition (No Photographs 
Available) 
 
Note: This transition was developed for use with the Timber Bridge Rail System I found in 





4.5 Glulam Timber Bridge Railing/Nested W-Beam Guardrail Transition [29-30] 
Test Specification: NCHRP Report No. 350 [1] 
Test Level: TL-2 
Test Details: 4,433-lb pickup truck, 44.5 mph, 26.3 degrees 
Deck Type: Transverse, Glulam Timber Deck 
System Material: Steel Rail to Timber Rail Transition 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
Figure 53. Schematic of Glulam Timber Bridge Railing/Nested W-Beam Guardrail 
Transition 
 
     
Figure 54. Glulam Timber Bridge Railing/Nested W-Beam Guardrail Transition 
Note: This transition was developed for use with the Glulam Timber Bridge Railing found in 




4.6 “Curb System” Transition [22, 26] 
Test Specification: AASHTO Guide Specifications for Bridge Railings (1989) [2] 
Test Level: PL-1 
Test Details: Not Tested 
Deck Type: Longitudinal, Glulam Timber Deck 
System Material: Steel Rail to Timber Rail Transition 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
 
Figure 55. Schematic of "Curb System" Transition 
   
Figure 56. "Curb System" Transition 
Note: This transition was configured for anchoring the “Curb System” Bridge Railing found 
in Section 3.10 of this thesis. No crash testing was performed on this transition. The 
schematic shown was developed after testing to be similar to the GC-8000 Bridge 




4.7 Timber Bridge Rail System II Transition [27-28] 
Test Specification: AASHTO Guide Specifications for Bridge Railings (1989) [2] 
Performance Level: PL-1 
Test Details: 5,400-lb pickup truck, 44.8 mph, 18.0 degrees 
Deck Type: Transverse, Glulam Timber Deck 
System Material: Continuous Timber Rail Transition 
Research Sponsor: USDOT – FHWA – Office of Engineering and Highway Operations 
Research/Test Agency: CFC – WVU and TTI 
 
Figure 57. Schematic of Timber Bridge Rail System II Transition (No Photographs 
Available) 
 
Note: This transition was developed for use with the Timber Bridge Rail System II found in 




4.8 GC-8000 Bridge Railing/Standard W-Beam Guardrail Transition [26, 34-35] 
Test Specification: NCHRP Report No. 230 [45] 
Test Level: Multiple Service Level 2 (MSL-2) 
Test Details: 4,506-lb sedan, 62.4 mph, 24.8 degrees 
Deck Type: Longitudinal, Glulam Timber Deck 
System Material: Steel Rail to Timber Rail Transition 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
Figure 58. Schematic of GC-8000 Bridge Railing/Standard W-Beam Guardrail Transition 
   
Figure 59. GC-8000 Bridge Railing/Standard W-Beam Guardrail Transition 
Note: This transition was developed for use with the Glulam Timber Rail with Curb Bridge 




4.9 Glulam Timber Rail with Curb Bridge Railing/Standard W-Beam Guardrail 
Transition [36-37] 
Test Specification: NCHRP Report No. 350 [1] 
Test Level: TL-4 
Test Details: 4,473-lb pickup truck, 65.2 mph, 26.4 degrees; 17,644-lb single-unit truck, 
51.3 mph, 13.7 degrees 
Deck Type: Transverse, Glulam Timber Deck 
System Material: Steel Rail to Timber Rail Transition 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
Figure 60. Schematic of Glulam Timber Rail with Curb Bridge Railing/Standard W-
Beam Guardrail Transition 
    
Figure 61. Glulam Timber Rail with Curb Bridge Railing/Standard W-Beam Guardrail 
Transition 
Note: This transition was developed for use with the Glulam Timber Rail with Curb Bridge 




4.10 Timber Bridge Rail System III Transition [27-28] 
Test Specification: AASHTO Guide Specifications for Bridge Railings (1989) [2] 
Performance Level: PL-1 
Test Details: Not Tested 
Deck Type: Transverse, Glulam Timber Deck 
System Material: Continuous Steel Rail Transition 
Research Sponsor: USDOT – FHWA – Office of Engineering and Highway Operations 
Research/Test Agency: CFC – WVU and TTI 
 
Figure 62. Schematic of Timber Bridge Rail System III Transition (No Photographs 
Available) 
 
Note: This transition was developed for use with the Timber Bridge Rail System III found in 





4.11 “Steel System” Transition [22, 26] 
Test Specification: AASHTO Guide Specifications for Bridge Railings (1989) [2]  
Test Level: PL-1 
Test Details: Not Tested 
Deck Type: Longitudinal, Glulam Timber Deck 
System Material: Continuous Steel Rail Transition 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
Figure 63. Schematic of "Steel System" Transition (No Photographs Available) 
Note: This transition was configured for anchoring the “Steel System” Bridge Railing found 




4.12 TBC-8000 Bridge Railing/Standard W-Beam Guardrail Transition [26, 34, 40] 
Test Specification: AASHTO Guide Specifications for Bridge Railings (1989) [2] 
Performance Level: PL-2 
Test Details: Not Tested 
Deck Type: Longitudinal, Glulam Timber Deck 
System Material: Continuous Steel Rail Transition 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
Figure 64. Schematic of TBC-8000 Bridge Railing/Standard W-Beam Guardrail 
Transition 
 
   
Figure 65. TBC-8000 Bridge Railing/Standard W-Beam Guardrail Transition 
Note: This transition was developed for use with the Steel Thrie Beam with Structural Channel 
Bridge Railing (TBC-8000) found in Section 3.20 of this thesis. No crash testing was 




4.13 Steel Thrie Beam with Structural Channel Bridge Railing/Standard W-Beam 
Guardrail Transition [29-30, 41] 
Test Specification: NCHRP Report No. 350 [1] 
Test Level: TL-2 
Test Details: 4,486-lb pickup truck, 43.4 mph, 25.8 degrees 
Deck Type: Transverse, Glulam Timber Deck or Transverse, Nail-Laminated Timber 
Deck 
System Material: Continuous Steel Rail Transition 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
Figure 66. Schematic of Steel Thrie Beam with Structural Channel Bridge 
Railing/Standard W-Beam Guardrail Transition 
     
Figure 67. Steel Thrie Beam with Structural Channel Bridge Railing/Standard W-Beam 
Guardrail Transition 
Note: This transition was developed for use with the Steel Thrie Beam with Structural Channel 




4.14 Steel Thrie Beam with Structural Tube Bridge Railing/Standard W-Beam 
Guardrail Transition [36-37] 
Test/Performance Level: NCHRP Report No. 350 [1] 
Test Level: TL-4 
Test Details: 4,403-lb pickup truck, 62.8 mph, 25.6 degrees; 17,650-lb single-unit truck, 
50.8 mph, 15.2 degrees 
Deck Type: Transverse, Glulam Timber Deck 
System Material: Continuous Steel Rail Transition 
Research Sponsor: USDA – FS – FPL 
Research/Test Agency: MwRSF – UNL 
 
Figure 68. Schematic of Steel Thrie Beam with Structural Tube Bridge Railing/Standard 
W-Beam Guardrail Transition 
     
Figure 69. Steel Thrie Beam with Structural Tube Bridge Railing/Standard W-Beam 
Guardrail Transition 
Note: This transition was developed for use with the Steel Thrie Beam with Structural Tube 




4.15 Tubular Steel-Backed Timber Bridge Rail Transition [44] 
Test Specification: NCHRP Report No. 350 [1]  
Test Level: TL-3 
Test Details: 4,572-lb pickup truck, 61.8 mph, 24.7 degrees 
Deck Type: Concrete Bridge Deck 
System Material: Continuous Steel-Backed Timber Rail Transition 
Research Sponsor: USDOT – FHWA – Office of Safety and Traffic Operations 
Research/Test Agency: TTI 
 




Figure 71. Tubular Steel-Backed Timber Bridge Rail Transition 
Note: This transition was developed for use with the Tubular Steel-Backed Timber Bridge Rail 




5 EXAMPLES OF BRIDGE RAILING SYSTEMS FOR WOOD BRIDGES 
5.1 Introduction 
The following sections provide visual, real-world examples of pertinent timber 
bridge railings and/or railing for timber deck bridges that are used across the United States. 
5.2 Alamco Wood Products, LLC 
 
Figure 72. Bridge Railing from Alamco Wood Products, LLC 








































































   
 
 













The survey was utilized to: (1) identify commonly-used bridge railing systems for 
wood bridges; (2) uncover any other ideas for bridge railing systems to be developed to 
meet current AASHTO MASH impact safety criteria; (3) identify any special conditions 
for consideration when developing approach guardrail transitions or bridge rail 
terminations to accompany these bridge railings; and (4) help researchers and government 
agencies select systems for future development, testing, and evaluation under current 
AASHTO MASH impact safety criteria [4].  
The successful completion of the survey was expected to benefit participating 
groups and organizations by allowing their bridge railing systems and needs to be 
considered within the Phase I project. Further, the noted systems may potentially be 
selected for further research, development, testing, and evaluation under the MASH safety 
performance guidelines, thus possibly lowering the research and development costs for 
other groups and stakeholders.  
In total, the survey was sent to 78 different groups or organizations. Of the 78 
groups, two were technical committees from AASHTO, six were offices and teams from 
FHWA, and one was a group within the United States Bureau of Reclamation (USBR). 
Another ten groups were from the USDA-FS, nine of which were engineering departments 
from distinct regions across the country. The next eight groups were the consulting groups 
mentioned in Section 2.1 of this thesis, and the last 51 groups were State Departments of 
Transportation, including the Washington, D.C. DOT. The two AASHTO technical 




A copy of the survey can be found in the final Phase I report [10]. The survey 
consisted of five main questions. After giving instructions and asking the user to enter their 
contact information, the first question asked the user to provide information on bridge 
railing systems that are currently installed on wood bridges. Consultants were asked to 
include bridge railing systems that they had designed, constructed, or recommended for 
use in the field. Government agencies were to include bridge railing systems that they own 
or manage. The question specifically requested the system name, a brief description, the 
deck types on which it had been installed, and whether or not it had been previously crash 
tested. At the end of the question, the respondent was also asked to estimate the percentage 
of installed systems for each type. The second question asked the user whether they would 
like any of the bridge railing systems entered in the first question to be updated to current 
MASH standards. If they would like a system to be updated, the question asked which test 
level or levels were desired. For the third question, an attached document presented general 
schematics and photographs of the six different families of bridge rail systems that were 
identified and proposed for updating, as obtained from the initial literature review. This 
attachment can be found in the Phase I report, immediately following the survey as well 
[10]. With the attachment, the user was asked if they would like to have an updated version 
of each of these families of bridge railings to be developed. If they responded yes to a 
certain system type, they were then asked to provide the desired bridge deck types and test 
level or levels. The fourth question asked for any information regarding new systems that 
could be developed, or deviations or modifications that the user would like to see 




user to enter any special site conditions, transitions, or termination features that they would 
like to have considered in new or updated systems.  
6.2 Analysis of Survey Response 
The research team received and compiled data from 36 completed survey responses 
out of a total of 78 distributed surveys. More specifically, the research team received: (1) 
2 responses out of 2 surveys sent to AASHTO technical committees; (2) 1 response out of 
6 surveys sent to FHWA offices and teams; (3) 1 response from the single survey sent to 
the USBR group; (4) 1 response out of 10 surveys sent to USDA-FS groups; (5) 4 responses 
out of 8 surveys sent to consulting groups; and (6) 29 responses out of 51 surveys sent to 
state DOTs. It should be noted that although two responses were recorded for the AASHTO 
groups, the respondents from these groups responded in relation to the state DOT in which 
they were employed. For this reason, their responses were counted both as an AASHTO 
response and a state DOT response above, leading to a sum of 38 responding groups but 
only 36 completed surveys. 
The data from all 36 completed surveys were combined and analyzed to help the 
research team better understand the types of bridge railing systems that are currently used, 
as well as those systems that were desired to be updated. The provided information was 
examined on a question by question basis and compiled into tables. 
 Overall, 9 of the 36 respondents indicated that their group or agency does not 
currently use any bridge railing systems for wood bridges and that they do not desire to 
develop bridge railing systems for wood bridges. Another 2 of the 36 respondents provided 
information on systems that are currently used, but they did not request any systems to be 




provided information about bridge railings that are currently used and requested some 
system types to be updated or newly developed, or they simply requested systems to be 
developed through Question 3 of the survey. From the 25 survey respondents that requested 
updates or new developments, 9 requested a Low-Height, Curb-Type Bridge Railing, 10 
requested a Timber Railing without Curb Bridge Railing, 18 requested a Timber Railing 
with Curb Bridge Railing, 12 requested a W-Beam Bridge Railing, 11 requested a Thrie 
Beam Bridge Railing, 9 requested a Steel-Backed Timber Bridge Railing, and 1 requested 
updates to a system that did not fall into any of the noted bridge railing families. As shown 
in Table 1, this data was further separated by the number of groups requesting each system 
type to be (1) updated in response to Question 2 or (2) newly developed in response to 
Question 3. 
Table 1. Summary of Respondent Requests 
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to Update* 









9 of 9 NA 
* – Requests to update a system type were gathered in response to Question 2 of survey. 
** – Requests to develop a system type were gathered in response to Question 3 of survey. 





 From the collected surveys, information on 52 currently-used systems was acquired 
in response to Question 1. Of these 52 systems, 29 systems were also requested to be 
updated through Question 2. The information about each of these systems can be found in 
Tables A-1 through A-10 of Appendix A. For the 29 systems that were requested to be 
updated, two groups requested three Low-Height, Curb-Type Bridge Railing Systems, 13 
groups requested 21 Timber Railing with Curb Bridge Railing Systems, two groups 
requested two W-Beam Bridge Railing System, one group requested two Thrie Beam 
Bridge Railing Systems, and one group requested a system that comprised box beam 
members that did not fit into any of the other bridge railing families. As shown in Table A-
7, the USBR responded to Question 1 of the survey stating that they are a decentralized 
agency that does not keep an inventory of the railing systems on their bridges. The USBR, 
which maintains or owns nearly 1,500 public and private bridges across the United States, 
uses a wide variety of systems with differing materials, characteristics, and dimensions. 
Most of the bridge railing systems that are in use on their bridges have not been evaluated 
or crash tested to meet a crashworthiness standard. The USBR expressed great support for 
the development of bridge railing systems that could be used on their bridges going 
forward, specifically those systems that will meet AASHTO MASH TL-1 and TL-2 impact 
safety standards [4]. 
Respondents also had the opportunity to request the development of new systems 
within the 6 families of bridge railings that were presented in the document attached to the 
third question of the survey. This question further clarified the wants and needs of the 
groups and organizations that completed the survey by allowing them to express interest in 




requested development of a Low-Height, Curb-Type System, 10 groups requested 
development of a Timber Railing without Curb System, 18 groups requested development 
of a Timber Railing with Curb System, 12 groups requested development of a W-Beam 
System, 11 groups requested development of a Thrie Beam System, and 9 groups requested 
development of a Steel-Backed Timber System. The information provided with these 
requests is provided in greater detail in Tables A-11 through A-16 of Appendix A. 
Through the process of collecting and compiling the data from Questions 1 and 2, 
follow-up contact was made with the Delaware DOT to clarify an answer provided about 
a bridge railing system that is currently used. From the information provided in the survey, 
it was unclear if the railing was part of the Timber Railing without Curb or Timber Railing 
with Curb System family. In order to accurately account for this railing system in the data, 
follow-up contact was made, and the research team was provided with an explanation and 
a drawing set. The drawing set is provided in Figures B-1 through B-3 of Appendix B. This 
drawing set has been included herein to serve as an example of the modifications that 
different groups have made to bridge railing systems for wood bridges. The State of 
Delaware has implemented a Timber Railing with Curb System similar to what was tested 
in the past, but they added their own modifications to allow its use with a steel-backed 
timber transition and guardrail system. These modifications include special transition 
features that allow for the bridge railing and guardrail systems to connect to one another 
even with a height difference, as well as a termination feature for the curb portion of the 
system, and a termination feature for the transition/guardrail system. This drawing set 
provided the research team with valuable information that will be key in making decisions 




The data from Questions 1 and 2 was further analyzed to collect information on the 
test levels and deck types that were often used and which were requested for updating and 
development for each railing system. Tables 2 through 13 show this information. 
Tables 2 and 3 show the data collected in relation to Low-Height, Curb-Type 
Systems. It was evident that not many groups currently use systems from this family, but 
there is enough support to make the development of a Low-Height, Curb-Type System a 
priority, specifically to meet AASHTO MASH TL-1 or TL-2 standards. In terms of the 
deck types for which a Low-Height, Curb-Type System should be developed, the requests 
varied greatly. 




Update* Develop** Total 
TL-1 2 3 5 
TL-2 1 5 6 
TL-3 0 2 2 
TL-4 0 1 1 
* – Requests to update a system type were gathered in response to Question 2 of the survey. 






















Update* Develop** Total 
LG 1 4 5 
LN 1 3 4 
LSp 1 4 5 
LSt 0 3 3 
TG 1 4 5 
TN 2 4 6 
Concrete 0 1 1 
Other 1 1 2 
* – Requests to update a system type were gathered in response to Question 2 of the survey. 
** – Requests to develop a system type were gathered in response to Question 3 of the 
survey. 
LG – Longitudinal, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSp – Longitudinal, Spike-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 
TG – Transverse, Glulam Timber 
TN – Transverse, Nail-Laminated Timber 
 
Tables 4 and 5 show the data collected in relation to Timber Railing without Curb 
Systems. Similar to the data shown in Tables 2 and 3 for Low-Height, Curb-Type Systems, 
Timber Railing without Curb Systems are currently not well represented in the field, but 
many groups would like an option to install. For this reason, the research team has 
identified priorities to develop such a system at TL-2, TL-3, and TL-4. Again, the number 












Update* Develop** Total 
TL-1 0 4 4 
TL-2 0 4 4 
TL-3 0 4 4 
TL-4 0 3 3 
* – Requests to update a system type were gathered in response to Question 2 of the survey. 
** – Requests to develop a system type were gathered in response to Question 3 of the 
survey. 
 




Update* Develop** Total 
LG 0 6 6 
LN 0 4 4 
LSp 0 5 5 
LSt 0 5 5 
TG 0 6 6 
TN 0 5 5 
Concrete 0 2 2 
Other 0 1 1 
* – Requests to update a system type were gathered in response to Question 2 of the survey. 
** – Requests to develop a system type were gathered in response to Question 3 of the 
survey. 
LG – Longitudinal, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSp – Longitudinal, Spike-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 
TG – Transverse, Glulam Timber 
TN – Transverse, Nail-Laminated Timber 
 
Tables 6 and 7 show the data gathered in regards to Timber Railing with Curb 
Systems. This type of bridge railing system was the most commonly-used system, and it 
was also widely requested for further development. Because of the number of requests, this 
system was selected as a top priority for development going forward. There were a 




test level will be given in the Phase I priority list. Transverse and longitudinal glulam 
timber decks were the two most-requested deck types for this type of railing system. 




Update* Develop** Total 
TL-1 2 2 4 
TL-2 9 10 19 
TL-3 6 6 12 
TL-4 12 6 18 
* – Requests to update a system type were gathered in response to Question 2 of the survey. 
** – Requests to develop a system type were gathered in response to Question 3 of the 
survey. 
 




Update* Develop** Total 
LG 7 9 16 
LN 2 6 8 
LSp 5 7 12 
LSt 2 6 8 
TG 9 9 18 
TN 5 6 11 
Concrete 6 5 11 
Other 1 3 4 
* – Requests to update a system type were gathered in response to Question 2 of the survey. 
** – Requests to develop a system type were gathered in response to Question 3 of the 
survey. 
LG – Longitudinal, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSp – Longitudinal, Spike-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 
TG – Transverse, Glulam Timber 
TN – Transverse, Nail-Laminated Timber 
 
Tables 8 and 9 show the data collected in relation to W-Beam Systems. Much like 
the first two families of bridge railing systems that were discussed, W-Beam Bridge Railing 




development of a W-Beam Bridge Railing System, especially due to the wide use of W-
Beam Guardrail Systems. Consistent with many guardrail systems, TL-2 and TL-3 
configurations were most commonly requested for development. This railing system was 
most often requested for use on longitudinal, glulam or transverse, nail-laminated timber 
decks. 




Update* Develop** Total 
TL-1 1 1 2 
TL-2 2 6 8 
TL-3 0 8 8 
TL-4 1 0 1 
* – Requests to update a system type were gathered in response to Question 2 of the survey. 
** – Requests to develop a system type were gathered in response to Question 3 of the 
survey. 
 




Update* Develop** Total 
LG 2 4 6 
LN 1 3 4 
LSp 1 3 4 
LSt 0 4 4 
TG 1 4 5 
TN 2 5 7 
Concrete 0 4 4 
Other 1 1 2 
* – Requests to update a system type were gathered in response to Question 2 of the survey. 
** – Requests to develop a system type were gathered in response to Question 3 of the 
survey. 
LG – Longitudinal, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSp – Longitudinal, Spike-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 
TG – Transverse, Glulam Timber 




Tables 10 and 11 show the data collected in relation to Thrie Beam Railing Systems. 
In the past, multiple variations within this family of bridge railings have been developed, 
but they are not widely used. There were multiple requests for a new system to be 
developed using a thrie beam rail, especially to meet the AASHTO MASH TL-2 and TL-
3 criteria. Respondents requested use of this type of railing system on transverse, nail-
laminated timber, or reinforced concrete decks. 




Update* Develop** Total 
TL-1 0 3 3 
TL-2 2 7 9 
TL-3 2 5 7 
TL-4 0 4 4 
* – Requests to update a system type were gathered in response to Question 2 of the survey. 
** – Requests to develop a system type were gathered in response to Question 3 of the 
survey. 
 




Update* Develop** Total 
LG 0 5 5 
LN 0 4 4 
LSp 0 3 3 
LSt 0 3 3 
TG 0 5 5 
TN 0 7 7 
Concrete 2 5 7 
Other 1 0 1 
* – Requests to update a system type were gathered in response to Question 2 of the survey. 
** – Requests to develop a system type were gathered in response to Question 3 of the 
survey. 
LG – Longitudinal, Glulam Timber   TG – Transverse, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber  TN – Transverse, Nail-Laminated 
LSp – Longitudinal, Spike-Laminated Timber  Timber 




Tables 12 and 13 show the data gathered in relation to Steel-Backed Timber 
Systems. No responding groups denoted that this type of system is currently used, but many 
groups would like to have this railing system developed. There was significant interest in 
having a Steel-Backed Timber System for use at AASHTO MASH TL-2, TL-3, and TL-4. 
Longitudinal and transverse glulam timber decks were the two most commonly-requested 
deck types for consideration in future research and development. 




Update* Develop** Total 
TL-1 0 0 0 
TL-2 0 4 4 
TL-3 0 4 4 
TL-4 0 5 5 
* – Requests to update a system type were gathered in response to Question 2 of the survey. 
** – Requests to develop a system type were gathered in response to Question 3 of the 
survey. 
 




Update* Develop** Total 
LG 0 7 7 
LN 0 4 4 
LSp 0 4 4 
LSt 0 4 4 
TG 0 6 6 
TN 0 4 4 
Concrete 0 2 2 
Other 0 1 1 
* – Requests to update a system type were gathered in response to Question 2 of the survey. 
** – Requests to develop a system type were gathered in response to Question 3 of the 
survey.
LG – Longitudinal, Glulam Timber   TG – Transverse, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber  TN – Transverse, Nail-Laminated 
LSp – Longitudinal, Spike-Laminated Timber  Timber 




After inquiring about currently-used bridge railing systems as well as their desire 
to update currently-used systems in Questions 1 through 3, Question 4 of the survey asked 
respondents to provide details for any new bridge railing systems that could be developed 
for use on wood bridges, or to provide information on any modifications or deviations that 
should be considered with current railing systems. From this question, only one group 
responded with information for a new bridge railing system. The exact response is provided 
in Table 14. The respondent desired a railing system that is tested to meet MASH TL-3 
criteria instead of MASH TL-4 criteria in order to reduce total system cost since timber 
systems are most commonly installed on roads with relatively low traffic volumes. These 
roads typically do not carry much large truck traffic, which is the main consideration in 
using a MASH TL-4 bridge railing instead of a MASH TL-3 bridge railing.  














TL-3 instead of TL-4 as 
there are currently no 
TL-3 systems 
LSp, TG, TN, and 
Concrete 
TL-3 
LSp – Longitudinal, Spike-Laminated Timber 
TG – Transverse, Glulam Timber 
TN – Transverse, Nail-Laminated Timber 
 
Four other groups offered deviations or modifications to existing railing systems, 
each of which can be seen in Table A-17 of Appendix A. The biggest concern gathered 
from this portion of the survey was that industry/consultants preferred that all timber 
components be standardized to use glulam timber instead of having a mixed use of glulam 
and sawn timber. Other concerns included developing Timber Railing with Curb Systems 




and incorporating pedestrian rail options into commonly-used systems. Many of the railing 
systems that have been installed across the United States, as shown in Section 5 of this 
thesis, already contain an additional pedestrian rail, even though such elements have not 
actually been crash tested. 
The fifth and final survey question asked if there were any special site conditions, 
approach transitions, or terminations that should be considered when approach guardrail 
transitions or bridge rail end terminations are developed for use with any new bridge railing 
systems. Ten respondents offered recommendations for this question, and their responses 
are provided in Tables A-18 and A-19 of Appendix A. From the information provided for 
this question, the most important aspect appeared to be steep slopes located behind 
transition regions. Furthermore, multiple groups requested an approach transition that 
utilizes a timber rail in order to maintain the bridge rail’s aesthetic appearance beyond the 
end of the bridge rail. In contrast to a timber rail transition, it was also important to develop 
a transition to the 31-in. tall, Midwest Guardrail System (MGS) due to its significant use 
as a guardrail system across the United States.  
Two state DOTs, Alaska and South Carolina, offered considerations that required 
further clarification by the research team. Thus, follow-up contact was made by 
researchers. Alaska DOT asked the research team to take into account “considerations for 
snow removal and dirt accumulation,” as well as “durability.” In response to the follow-up 
contact, it was clarified that Alaska DOT preferred the use of open rail systems, such as 
box-beam guardrails and transitions, instead of closed systems, such as W-Beam or Thrie 
Beam systems. The use of open rail systems allow for snow to more easily be plowed off 




also noted that snow plow damage was prevalent in many areas throughout Alaska. When 
snow plow drivers clear as much roadway as possible, they can also brush against barriers, 
thus damaging the guardrail and/or bridge railing systems. In terms of durability, the 
Alaska respondent noted that new preservatives used for pressure-treating wood do not 
seem to be as effective as older preservatives, such as creosote. Further, high winds often 
blast sand into timber railing and post elements, thus causing severe wood deterioration 
over time. Figure 83 shows typical wood deterioration under sand blasting conditions due 
to high winds in the State of Alaska.  
 
Figure 83. Sand-Blasted Timber Posts in Alaska 
In response to Question 5, the South Carolina DOT response noted a desire to 
transition from a “timber curb to concrete curb on [a] roadway.” Once again, the research 




initiated. In response, it was determined that occasionally a concrete curb was cast at the 
bridge ends and beyond to align with the lower curb portion of a Timber Railing with Curb 
System. It was believed by South Carolina personnel that this curb helped to reduce vehicle 
snag at the end of the bridge railing system as well as provided a way to direct water off of 
the bridge and toward a drainage flume instead of eroding the soil near the bridge 
abutments. The South Carolina DOT respondent provided a Roadway Standard Drawing 
of such a curbed system, which is shown in Figure B-4 of Appendix B and in Figure 84. 
Within Figure 84, an added pedestrian rail is also depicted on the right side railing system 
of the bridge, which was also requested in survey Question 4 pertaining to desired 
modifications and deviations. 
 




Using the literature review results in combination with the information and 
considerations offered by the survey respondents, the research team sought to determine 
which bridge railing systems should be developed, tested, and evaluated under MASH 
2016 and whether an approach transition should also be developed. The final 
determinations are outlined in the next section of this thesis. 
6.3 Future Research Priorities for Bridge Railing and Transition Systems 
Following the completion of the survey and analysis of the data, a priority list was 
created to guide future research and development of bridge railing and approach guardrail 
transition systems. The priority list is provided in Table 15. Each system in the table is 
ranked from 1 to 15, followed by the type of system. The test level and deck types that 
were commonly requested at that test level were also noted. The deck types are followed 
by a number in parentheses, indicating the number of requests for that deck type at that test 
level. Many of the systems were requested for development at a certain test level, such as 
TL-4, but they may also have received a similar number of requests at a test level either 
one step higher or lower, such as TL-3. For some of these systems, it was determined that 
the most effective method of development would be to develop the system at one test level 
and then offer alterations that could be made to the system to be acceptable at the second 
test level. These systems have entries in the “Other Considerations” column of Table 15. 
Following these entries, the table contains the number of requests for the specified system 
type at the specified test level, an indication of the need for a transition to be developed 
with the system, and if so, the test level for the transition. The final information found in 
the table are references to systems and transitions noted in Sections 3 and 4, respectively, 




In order to create the tabulated list of priorities, the number of requests for each 
system at each test level were determined and generally placed in order from greatest to 
least. After organizing the railing systems into the priority list, the data for each system 
was reviewed again to determine the most commonly-requested deck types at the specified 
test level. This information has been compiled within Tables A-20 through A-26 of 
Appendix A. Through discussions amongst the research team, a question was raised as to 
whether a transition should be developed for each system on the priority list, and if so, to 
which test level it should be tested. To help make this determination, the information 
gathered from Question 5 of the survey was reviewed. With all of this information 
compiled, a reference was found to link both the bridge railing and the approach guardrail 
transition systems to be developed to the closest existing system found in Sections 3 or 4, 
respectively, of this thesis.  
The highest priority system to be developed to meet MASH TL-4 standards was a Timber 
Railing with Curb System. There were 18 requests to develop this type of railing system at 
TL-4, but there were also 12 requests to develop it to meet TL-3. It was determined that 
due to cost considerations and the similarity in the TL-3 and TL-4 test matrices, it would 
not be necessary to develop a completely new system and conduct crash tests again. 
Therefore, the system was recommended to be designed for use at MASH TL-4 and then 
used in TL-3 situations as well. The most requested deck type for this system at TL-4 was 
a transverse, glulam timber deck. There was also significant interest for its use on 
longitudinal glulam timber or reinforced concrete decks. Because this system was 
requested so frequently, a transition that meets MASH TL-3 standards will need to be 






           






















1 TR w/ Curb TL-4 
TG (13),  LG 
(8), Conc (6) 
TL-3 18/12 Yes TL-3 3.13, 3.12 4.9, 4.8 
2 TR w/ Curb TL-2 
Conc (8), LSp 
(7), TN (8) 
- 19 Yes TL-2 3.13, 3.12 4.9, 4.8 
3 Thrie Beam TL-2 Conc (7), TN (4) - 9 Yes TL-2 3.22, 3.21 4.13 
4 W-Beam TL-3 TN (4), Conc (3) - 8 No TBD1 3.17, 3.16 NA 
5 W-Beam TL-2 LG (6) - 8 No TBD1 3.17, 3.16 NA 
6 Thrie Beam TL-3 Conc (6), TN (3) - 7 Yes TL-3 3.22, 3.21 4.13 
7 LHCT TL-2 LSp (3), TN (3) - 6 
Yes - End 
Treatment 
TL-2 3.4 4.2 
8 Steel-Backed TL-4 LG (4), TG (4) TL-3 5/4 Yes TL-3 3.26, 3.24 4.15 
9 LHCT TL-1 TN (5) - 5 
Yes - End 
Treatment 
TL-1 3.4 4.2 
10 TR w/o Curb TL-3 LSp (3), LSt (3) - 4 Yes TL-3 3.7, 3.5 4.5, 4.3 
11 Steel-Backed TL-2 Conc (2), LG (2) - 4 Yes TL-2 3.26, 3.24 4.15 
12 TR w/o Curb TL-2 Any - 4 Yes TL-2 3.7, 3.5 4.5, 4.3 
13 Thrie Beam TL-4 TG (4) - 4 Yes TL-3 3.23, 3.21 4.14, 4.13 





Steel w/ Conc 
(1), LN (1) 
TL-4 1/1 Yes TL-3 Figure C-2 Figure C-2 
1 – A stiffness transition may not be needed. TR w/ Curb – Timber Railing with Curb 
LHCT – Low-Height, Curb-Type TR w/o Curb – Timber Railing without Curb 
LG – Longitudinal, Glulam Timber LN – Longitudinal, Nail-Laminated Timber 
LSp – Longitudinal, Spike-Laminated Timber  LSt – Longitudinal, Stress-Laminated Timber 




The second highest priority system was a Timber Railing with Curb System, but 
this system will only be developed to meet MASH TL-2 standards. This system was 
requested 19 times, and the three most common deck types were reinforced concrete decks, 
longitudinal spike-laminated timber decks, and transverse, nail-laminated timber decks. 
Again, a transition will need to be developed for use with this bridge railing system. The 
approach guardrail transition will be designed and tested to meet MASH TL-2 standards.  
The third highest priority system was a Thrie Beam System to be developed to meet 
MASH TL-2 criteria. This system was most commonly requested for development on 
concrete or transverse, nail-laminated timber decks. An approach guardrail transition will 
need to be developed to meet MASH TL-2 standards.  
The next system, fourth on the priority list, was a W-Beam System developed to 
meet MASH TL-3 standards. This system was most commonly requested for use on 
transverse, nail-laminated timber or concrete decks. At this time, it is unclear if a new 
stiffness transition is required between the bridge rail and guardrail systems. Further 
analysis will have to be performed after the bridge railing system has been developed. 
The fifth highest priority system was a W-Beam System. This system will be 
designed to meet MASH TL-2 standards. It was requested for use on longitudinal, glulam 
timber decks. It is again unclear at this time if a stiffness transition will be necessary, 
however, this will be determined once bridge railing development has begun.  
The sixth highest priority system was a Thrie Beam System. There were seven 
requests for this system to be developed to meet MASH TL-3 standards. This system was 




An approach guardrail transition will need tobe developed with this bridge railing system 
to the respective test level as well. 
The seventh highest priority system was a Low-Height, Curb-Type System to be 
designed to meet MASH TL-2 standards. This system was requested for use on 
longitudinal, spike-laminated or transverse, nail-laminated timber decks. For Low-Height, 
Curb-Type Systems, transitions are not typically used. Thus, a bridge railing end 
termination will need to be developed with this bridge railing system to meet MASH TL-
2 standards. 
The eighth highest priority system was a Steel-Backed Timber System, which was 
to meet MASH TL-4 standards. Similar to the first priority system, which was a Timber 
Railing with Curb System to meet TL-4 criteria with considerations for TL-3 as well, this 
system will be developed to meet TL-4 criteria but will be able to be used in TL-3 
situations. This Steel-Backed Timber System was requested for use on longitudinal or 
transverse glulam timber bridge decks. A transition will need to be developed with this 
bridge railing system to meet the MASH TL-3 standards as well. 
The ninth highest priority system was a Low-Height, Curb-Type System. This 
system was requested to meet MASH TL-1 criteria and be used on transverse, nail-
laminated timber decks. As planned with the TL-2 Low-Height, Curb-Type System 
(seventh highest priority), an end treatment will need to be developed to meet MASH TL-
1 criteria. 
The tenth highest priority system was a Timber Railing without Curb System, 




use on longitudinal, spike-laminated or longitudinal, stress-laminated timber decks. An 
approach guardrail transition will need to be developed to meet MASH TL-3 criteria. 
The eleventh highest priority system was a Steel-Backed Timber System to meet 
MASH TL-2 criteria and developed for use on longitudinal, glulam timber or reinforced 
concrete decks. An approach guardrail transition will also need to be developed to meet 
MASH TL-2 impact safety standards. 
The twelfth highest priority system was a Timber Railing without Curb System to 
meet MASH TL-2 impact safety criteria. The number of requests for each deck type were 
all very close. Thus, a deck type will be determined in the future. An approach guardrail 
transition will need to be developed to meet MASH TL-2 impact safety standards. 
The thirteenth highest priority system was a Thrie Beam System to meet the MASH 
TL-4 criteria and for use on a transverse, glulam timber deck. An approach guardrail 
transition will be designed to meet MASH TL-3 safety criteria. 
The fourteenth highest priority system was a Timber Railing without Curb System 
to meet MASH TL-4 criteria and for use on longitudinal and transverse glulam timber 
decks. An approach guardrail transition to meet MASH TL-3 criteria will also need to be 
developed. 
The final system on the priority list was the Type 10T System offered for updates 
by the Colorado DOT. An example drawing of this system is provided in Figure B-5 of 
Appendix B. This system is composed of box beams supported by steel posts. A search 
through the Colorado DOT website revealed that other variations of this bridge railing 
system have been used with other deck types, including reinforced concrete decks where a 




other design variations may be considered when updating the Type 10T railing system in 
the future. According to the survey, this railing system was desired to meet MASH TL-3 
and TL-4 criteria. At this time, the research team has prioritized the system development 
to meet MASH TL-3 while considering the additional aspects of the MASH TL-4 test 
matrix. It was requested to have this railing system be used on longitudinal, nail-laminated 
timber decks and steel corrugated decking with concrete or asphalt topping. An approach 




7 RESEARCH PLANS 
7.1 Future Research Plans 
The 15 bridge railing systems and associated approach guardrail transitions 
identified within this study were compiled using survey results and findings from the 
literature review. For these bridge railing and transition systems, substantial project 
funding would be needed to perform the necessary research, development, construction, 
testing, and evaluation under the MASH 2016 criteria. Under this study, detailed research 
budgets were not created for the barrier systems. Instead and for all 15 systems, the research 
team created global tasks with sub-tasks and cost estimates for the global tasks using the 
priorities determined in Section 6. The research costs for each bridge railing and transition 
system were provided in Tables 16 through 23, with the total cost for all 15 systems 
provided in Table 24. 
For each system, the first project task includes general project planning and 
documentation, client correspondence, progress reports and meetings, literature review as 
needed, development of computer-aided design details for the selected system, and 
documentation of mill certifications, material specifications, and certificates of 
conformity/compliance. 
The second project task consists of the development, analysis, and design of the 
bridge railing and transition systems. The sub-tasks would include modifications to 
previous railing designs, selection and design of the bridge deck and surfacing, 
development of the post-to-deck anchorage systems, determination and selection of critical 
impact points, computer simulation of MASH impacts into barriers, and documentation of 




The third project task includes dynamic component testing, which consists of the 
construction of test articles, conducting component and/or sub-system dynamic testing 
with electronic sensor instrumentation and video footage, field measurements, analysis of 
test results, and documentation of tests with findings. 
The fourth through seventh project tasks included site preparations for construction 
and testing; acquisition of construction materials for the bridge railing and transition 
systems; conducting the MASH 2016 full-scale vehicle crash tests; removal and/or repair 
of damaged barriers, bridge deck, and soil regions between tests; test documentation; and 
removal of each system at the project conclusion. 
The final project task includes the preparation of a summary report for each system 
with discussion of test results, presentation of findings, as well as conclusions and 
recommendations. This task also includes obtaining an FHWA eligibility letter and 
submitting drawings of the bridge railing and transition systems to the Task Force 13 
database. Further, the research team envisions the preparation of journal articles, assisting 
with dissemination of research findings, and providing thoughts on implementation. 
It should be noted that the estimated project costs presented in Tables 16 to 23 were 
based on the research for each system being performed separately. These costs do not take 
into consideration that the simultaneous funding of other research projects may provide 
material savings. For example, some components may be used on multiple projects. 
However, all design details would need to be known for multiple projects on the onset in 
order to realize such cost savings as fabricated components would need to accommodate 
multiple connections. As such, the estimated project costs for all 15 systems depicted in 




Note that the estimated costs shown in Tables 16 through 23 also represent testing 
being performed on the most critical deck type for each system, which would need to be 
determined through other research and analysis, such as bogie testing. If the most critical 
deck type cannot be determined, MASH testing may need to be performed on two or more 





Table 16. Estimated Global Cost Per System 
Project Tasks and Sub-Tasks 
Priority #1 Priority #2 
TL-4 TR w/ Curb Transition TL-2 TR w/ Curb Transition 
1. Project Planning and Correspondence 
$35,000 $25,000 $35,000 $25,000 




Development of CAD Details for Selected Design 
2. Design and Analysis of Bridge Railing and Transition Systems 
$100,000 $75,000 $100,000 $75,000 
Modifications to Preliminary/Previous Design 
Selection and Design of Bridge Deck and Wearing Surface 
Development and Analysis of Post-to-Deck Anchorage 
Selection of Critical Impact Points 
Analysis Using LS-DYNA Computer Simulation 
Documentation of Design Process with Findings 
3. Dynamic Component Testing 
$50,000 $100,000 $50,000 $100,000 
Construction of Test Articles 
Conducting Dynamic Impact Tests 
Component Testing Data Analysis 
Onboard Vehicle Accelerometers and Angular Rate Trans. 
High-Speed and Low-Speed Video 
Post-Test Field Measurements, Documentation, and Findings 
4. Site Preparation 
$300,000 $75,000 $300,000 $75,000 
Soil Excavation 
Acquisition of Bridge Railing/AGT Materials 
Construction of Simulated Bridge Deck 
Construction of Bridge Railing System/AGT 
Instrumentation Installations (String Pots, etc.) 
5. MASH Testing for Respective Test Level - Includes Data Analysis from 
Onboard Vehicle Accelerometers and Angular Rate Transducers, High-
Speed Video, and Post-Test Field Measurements 
- - - - 
Test No. X-10/20: 1100C Small Car $65,000 $65,000 $65,000 $65,000 
Test No. X-11/21: 2270P Pickup Truck $75,000 $75,000 $75,000 $75,000 
Test No. X-12: 10000S Single Unit Truck at 56 mph and 15 
degrees 
$85,000 - - - 
Reverse Direction Impact with Pickup Truck - $75,000 - - 
6. System Removal/Repair to Damaged Sections/ Deck 
$30,000 $20,000 $20,000 $20,000 Repairs After First Test 
Repairs After Second Test 
7. System Removal and Disposal 
$50,000 $20,000 $50,000 $20,000 Removal of Bridge Deck/Bridge Rail/AGT 
Restoration of Site w/ Compacted Soil 
8. Reporting and Project Deliverables 
$50,000 $35,000 $40,000 $30,000 
Summary Report with CAD Details, Mat. Specs., Mill Certs., 
Crash Testing, and Recommendations 
Report Editing (Internal and Sponsor Review) 
FHWA Eligibility Letter Submittal and TF13 Drawings 
Printing, Dissemination, and Accounting 
Total Cost for System Part $840,000 $565,000 $735,000 $485,000 




Table 17. Estimated Global Cost Per System (continued) 
Project Tasks and Sub-Tasks 
Priority #3 Priority #4 
TL-2 Thrie Beam Transition TL-3 W-Beam Transition 
1. Project Planning and Correspondence 
$30,000 $15,000 $30,000 $15,000 




Development of CAD Details for Selected Design 
2. Design and Analysis of Bridge Railing and Transition Systems 
$75,000 $50,000 $50,000 $30,000 
Modifications to Preliminary/Previous Design 
Selection and Design of Bridge Deck and Wearing Surface 
Development and Analysis of Post-to-Deck Anchorage 
Selection of Critical Impact Points 
Analysis Using LS-DYNA Computer Simulation 
Documentation of Design Process with Findings 
3. Dynamic Component Testing 
$50,000 $50,000 $20,000 $50,000 
Construction of Test Articles 
Conducting Dynamic Impact Tests 
Component Testing Data Analysis 
Onboard Vehicle Accelerometers and Angular Rate Trans. 
High-Speed and Low-Speed Video 
Post-Test Field Measurements, Documentation, and Findings 
4. Site Preparation 
$300,000 $75,000 $250,000 $50,000 
Soil Excavation 
Acquisition of Bridge Railing/AGT Materials 
Construction of Simulated Bridge Deck 
Construction of Bridge Railing System/AGT 
Instrumentation Installations (String Pots, etc.) 
5. MASH Testing for Respective Test Level - Includes Data Analysis from 
Onboard Vehicle Accelerometers and Angular Rate Transducers, High-
Speed Video, and Post-Test Field Measurements 
- - - - 
Test No. X-10/20: 1100C Small Car $65,000 $65,000 $65,000 $65,000 
Test No. X-11/21: 2270P Pickup Truck $75,000 $75,000 $75,000 $75,000 
Test No. X-12: 10000S Single Unit Truck at 56 mph and 15 
degrees 
- - - - 
Reverse Direction Impact with Pickup Truck - - - - 
6. System Removal/Repair to Damaged Sections/ Deck 
$30,000 $20,000 $20,000 $20,000 Repairs After First Test 
Repairs After Second Test 
7. System Removal and Disposal 
$50,000 $20,000 $50,000 $15,000 Removal of Bridge Deck/Bridge Rail/AGT 
Restoration of Site w/ Compacted Soil 
8. Reporting and Project Deliverables 
$40,000 $30,000 $40,000 $30,000 
Summary Report with CAD Details, Mat. Specs., Mill Certs., 
Crash Testing, and Recommendations 
Report Editing (Internal and Sponsor Review) 
FHWA Eligibility Letter Submittal and TF13 Drawings 
Printing, Dissemination, and Accounting 
Total Cost for System Part $715,000 $400,000 $600,000 $350,000 




Table 18. Estimated Global Cost Per System (continued) 
Project Tasks and Sub-Tasks 
Priority #5 Priority #6 
TL-2 W-Beam Transition TL-3 Thrie Beam Transition 
1. Project Planning and Correspondence 
$30,000 $15,000 $30,000 $15,000 




Development of CAD Details for Selected Design 
2. Design and Analysis of Bridge Railing and Transition Systems 
$50,000 $30,000 $75,000 $50,000 
Modifications to Preliminary/Previous Design 
Selection and Design of Bridge Deck and Wearing Surface 
Development and Analysis of Post-to-Deck Anchorage 
Selection of Critical Impact Points 
Analysis Using LS-DYNA Computer Simulation 
Documentation of Design Process with Findings 
3. Dynamic Component Testing 
$20,000 $50,000 $50,000 $50,000 
Construction of Test Articles 
Conducting Dynamic Impact Tests 
Component Testing Data Analysis 
Onboard Vehicle Accelerometers and Angular Rate Trans. 
High-Speed and Low-Speed Video 
Post-Test Field Measurements, Documentation, and Findings 
4. Site Preparation 
$250,000 $50,000 $300,000 $75,000 
Soil Excavation 
Acquisition of Bridge Railing/AGT Materials 
Construction of Simulated Bridge Deck 
Construction of Bridge Railing System/AGT 
Instrumentation Installations (String Pots, etc.) 
5. MASH Testing for Respective Test Level - Includes Data Analysis from 
Onboard Vehicle Accelerometers and Angular Rate Transducers, High-
Speed Video, and Post-Test Field Measurements 
- - - - 
Test No. X-10/20: 1100C Small Car $65,000 $65,000 $65,000 $65,000 
Test No. X-11/21: 2270P Pickup Truck $75,000 $75,000 $75,000 $75,000 
Test No. X-12: 10000S Single Unit Truck at 56 mph and 15 
degrees 
- - - - 
Reverse Direction Impact with Pickup Truck - - - - 
6. System Removal/Repair to Damaged Sections/ Deck 
$20,000 $20,000 $30,000 $20,000 Repairs After First Test 
Repairs After Second Test 
7. System Removal and Disposal 
$50,000 $15,000 $50,000 $20,000 Removal of Bridge Deck/Bridge Rail/AGT 
Restoration of Site w/ Compacted Soil 
8. Reporting and Project Deliverables 
$40,000 $30,000 $40,000 $30,000 
Summary Report with CAD Details, Mat. Specs., Mill Certs., 
Crash Testing, and Recommendations 
Report Editing (Internal and Sponsor Review) 
FHWA Eligibility Letter Submittal and TF13 Drawings 
Printing, Dissemination, and Accounting 
Total Cost for System Part $600,000 $350,000 $715,000 $400,000 




Table 19. Estimated Global Cost Per System (continued) 
Project Tasks and Sub-Tasks 
Priority #7 Priority #8 
TL-2 LHCT Transition TL-4 Steel-Backed Transition 
1. Project Planning and Correspondence 
$30,000 $15,000 $35,000 $25,000 




Development of CAD Details for Selected Design 
2. Design and Analysis of Bridge Railing and Transition Systems 
$75,000 $50,000 $75,000 $50,000 
Modifications to Preliminary/Previous Design 
Selection and Design of Bridge Deck and Wearing Surface 
Development and Analysis of Post-to-Deck Anchorage 
Selection of Critical Impact Points 
Analysis Using LS-DYNA Computer Simulation 
Documentation of Design Process with Findings 
3. Dynamic Component Testing 
$50,000 $30,000 $50,000 $50,000 
Construction of Test Articles 
Conducting Dynamic Impact Tests 
Component Testing Data Analysis 
Onboard Vehicle Accelerometers and Angular Rate Trans. 
High-Speed and Low-Speed Video 
Post-Test Field Measurements, Documentation, and Findings 
4. Site Preparation 
$250,000 $50,000 $250,000 $75,000 
Soil Excavation 
Acquisition of Bridge Railing/AGT Materials 
Construction of Simulated Bridge Deck 
Construction of Bridge Railing System/AGT 
Instrumentation Installations (String Pots, etc.) 
5. MASH Testing for Respective Test Level - Includes Data Analysis from 
Onboard Vehicle Accelerometers and Angular Rate Transducers, High-
Speed Video, and Post-Test Field Measurements 
- - - - 
Test No. X-10/20: 1100C Small Car $65,000 $65,000 $65,000 $65,000 
Test No. X-11/21: 2270P Pickup Truck $75,000 $75,000 $75,000 $75,000 
Test No. X-12: 10000S Single Unit Truck at 56 mph and 15 
degrees 
- - $85,000 - 
Reverse Direction Impact with Pickup Truck - - - $75,000 
6. System Removal/Repair to Damaged Sections/ Deck 
$15,000 $15,000 $40,000 $30,000 Repairs After First Test 
Repairs After Second Test 
7. System Removal and Disposal 
$50,000 $15,000 $75,000 $20,000 Removal of Bridge Deck/Bridge Rail/AGT 
Restoration of Site w/ Compacted Soil 
8. Reporting and Project Deliverables 
$40,000 $30,000 $50,000 $35,000 
Summary Report with CAD Details, Mat. Specs., Mill Certs., 
Crash Testing, and Recommendations 
Report Editing (Internal and Sponsor Review) 
FHWA Eligibility Letter Submittal and TF13 Drawings 
Printing, Dissemination, and Accounting 
Total Cost for System Part $650,000 $345,000 $800,000 $500,000 




Table 20. Estimated Global Cost Per System (continued) 
Project Tasks and Sub-Tasks 
Priority #9 Priority #10 
TL-1 LHCT Transition TL-3 TR w/o Curb Transition 
1. Project Planning and Correspondence 
$25,000 $15,000 $35,000 $25,000 




Development of CAD Details for Selected Design 
2. Design and Analysis of Bridge Railing and Transition Systems 
$25,000 $20,000 $100,000 $75,000 
Modifications to Preliminary/Previous Design 
Selection and Design of Bridge Deck and Wearing Surface 
Development and Analysis of Post-to-Deck Anchorage 
Selection of Critical Impact Points 
Analysis Using LS-DYNA Computer Simulation 
Documentation of Design Process with Findings 
3. Dynamic Component Testing 
$0 $0 $50,000 $100,000 
Construction of Test Articles 
Conducting Dynamic Impact Tests 
Component Testing Data Analysis 
Onboard Vehicle Accelerometers and Angular Rate Trans. 
High-Speed and Low-Speed Video 
Post-Test Field Measurements, Documentation, and Findings 
4. Site Preparation 
$225,000 $50,000 $275,000 $75,000 
Soil Excavation 
Acquisition of Bridge Railing/AGT Materials 
Construction of Simulated Bridge Deck 
Construction of Bridge Railing System/AGT 
Instrumentation Installations (String Pots, etc.) 
5. MASH Testing for Respective Test Level - Includes Data Analysis from 
Onboard Vehicle Accelerometers and Angular Rate Transducers, High-
Speed Video, and Post-Test Field Measurements 
- - - - 
Test No. X-10/20: 1100C Small Car $65,000 $65,000 $65,000 $65,000 
Test No. X-11/21: 2270P Pickup Truck - $75,000 $75,000 $75,000 
Test No. X-12: 10000S Single Unit Truck at 56 mph and 15 
degrees 
- - - - 
Reverse Direction Impact with Pickup Truck - - - $75,000 
6. System Removal/Repair to Damaged Sections/ Deck 
$0 $15,000 $30,000 $20,000 Repairs After First Test 
Repairs After Second Test 
7. System Removal and Disposal 
$50,000 $15,000 $50,000 $20,000 Removal of Bridge Deck/Bridge Rail/AGT 
Restoration of Site w/ Compacted Soil 
8. Reporting and Project Deliverables 
$30,000 $30,000 $40,000 $35,000 
Summary Report with CAD Details, Mat. Specs., Mill Certs., 
Crash Testing, and Recommendations 
Report Editing (Internal and Sponsor Review) 
FHWA Eligibility Letter Submittal and TF13 Drawings 
Printing, Dissemination, and Accounting 
Total Cost for System Part $420,000 $285,000 $720,000 $565,000 




Table 21. Estimated Global Cost Per System (continued) 
Project Tasks and Sub-Tasks 
Priority #11 Priority #12 
TL-2 Steel-Backed Transition 
TL-2 TR w/o 
Curb 
Transition 
1. Project Planning and Correspondence 
$35,000 $25,000 $35,000 $25,000 




Development of CAD Details for Selected Design 
2. Design and Analysis of Bridge Railing and Transition Systems 
$75,000 $50,000 $100,000 $75,000 
Modifications to Preliminary/Previous Design 
Selection and Design of Bridge Deck and Wearing Surface 
Development and Analysis of Post-to-Deck Anchorage 
Selection of Critical Impact Points 
Analysis Using LS-DYNA Computer Simulation 
Documentation of Design Process with Findings 
3. Dynamic Component Testing 
$50,000 $50,000 $50,000 $100,000 
Construction of Test Articles 
Conducting Dynamic Impact Tests 
Component Testing Data Analysis 
Onboard Vehicle Accelerometers and Angular Rate Trans. 
High-Speed and Low-Speed Video 
Post-Test Field Measurements, Documentation, and 
Findings 
4. Site Preparation 
$250,000 $75,000 $275,000 $75,000 
Soil Excavation 
Acquisition of Bridge Railing/AGT Materials 
Construction of Simulated Bridge Deck 
Construction of Bridge Railing System/AGT 
Instrumentation Installations (String Pots, etc.) 
5. MASH Testing for Respective Test Level - Includes Data Analysis 
from Onboard Vehicle Accelerometers and Angular Rate 
Transducers, High-Speed Video, and Post-Test Field Measurements 
- - - - 
Test No. X-10/20: 1100C Small Car $65,000 $65,000 $65,000 $65,000 
Test No. X-11/21: 2270P Pickup Truck $75,000 $75,000 $75,000 $75,000 
Test No. X-12: 10000S Single Unit Truck at 56 mph and 15 
degrees 
- - - - 
Reverse Direction Impact with Pickup Truck - $75,000 - - 
6. System Removal/Repair to Damaged Sections/ Deck 
$30,000 $20,000 $30,000 $20,000 Repairs After First Test 
Repairs After Second Test 
7. System Removal and Disposal 
$65,000 $20,000 $50,000 $20,000 Removal of Bridge Deck/Bridge Rail/AGT 
Restoration of Site w/ Compacted Soil 
8. Reporting and Project Deliverables 
$40,000 $35,000 $40,000 $30,000 
Summary Report with CAD Details, Mat. Specs., Mill 
Certs., Crash Testing, and Recommendations 
Report Editing (Internal and Sponsor Review) 
FHWA Eligibility Letter Submittal and TF13 Drawings 
Printing, Dissemination, and Accounting 
Total Cost for System Part $685,000 $490,000 $720,000 $485,000 




Table 22. Estimated Global Cost Per System (continued) 
Project Tasks and Sub-Tasks 
Priority #13 Priority #14 
TL-4 Thrie Beam Transition TL-4 TR w/o Curb Transition 
1. Project Planning and Correspondence 
$35,000 $25,000 $35,000 $25,000 




Development of CAD Details for Selected Design 
2. Design and Analysis of Bridge Railing and Transition Systems 
$100,000 $75,000 $125,000 $75,000 
Modifications to Preliminary/Previous Design 
Selection and Design of Bridge Deck and Wearing Surface 
Development and Analysis of Post-to-Deck Anchorage 
Selection of Critical Impact Points 
Analysis Using LS-DYNA Computer Simulation 
Documentation of Design Process with Findings 
3. Dynamic Component Testing 
$50,000 $50,000 $75,000 $100,000 
Construction of Test Articles 
Conducting Dynamic Impact Tests 
Component Testing Data Analysis 
Onboard Vehicle Accelerometers and Angular Rate Trans. 
High-Speed and Low-Speed Video 
Post-Test Field Measurements, Documentation, and Findings 
4. Site Preparation 
$300,000 $75,000 $300,000 $75,000 
Soil Excavation 
Acquisition of Bridge Railing/AGT Materials 
Construction of Simulated Bridge Deck 
Construction of Bridge Railing System/AGT 
Instrumentation Installations (String Pots, etc.) 
5. MASH Testing for Respective Test Level - Includes Data Analysis from 
Onboard Vehicle Accelerometers and Angular Rate Transducers, High-
Speed Video, and Post-Test Field Measurements 
- - - - 
Test No. X-10/20: 1100C Small Car $65,000 $65,000 $65,000 $65,000 
Test No. X-11/21: 2270P Pickup Truck $75,000 $75,000 $75,000 $75,000 
Test No. X-12: 10000S Single Unit Truck at 56 mph and 15 
degrees 
$85,000 - $85,000 - 
Reverse Direction Impact with Pickup Truck - - - $75,000 
6. System Removal/Repair to Damaged Sections/ Deck 
$40,000 $30,000 $40,000 $30,000 Repairs After First Test 
Repairs After Second Test 
7. System Removal and Disposal 
$50,000 $20,000 $65,000 $20,000 Removal of Bridge Deck/Bridge Rail/AGT 
Restoration of Site w/ Compacted Soil 
8. Reporting and Project Deliverables 
$50,000 $30,000 $50,000 $35,000 
Summary Report with CAD Details, Mat. Specs., Mill Certs., 
Crash Testing, and Recommendations 
Report Editing (Internal and Sponsor Review) 
FHWA Eligibility Letter Submittal and TF13 Drawings 
Printing, Dissemination, and Accounting 
Total Cost for System Part $850,000 $445,000 $915,000 $575,000 




Table 23. Estimated Global Cost Per System (continued) 
Project Tasks and Sub-Tasks 
Priority #15 
TL-3 Type 10T Transition 
1. Project Planning and Correspondence 
$30,000 $25,000 




Development of CAD Details for Selected Design 
2. Design and Analysis of Bridge Railing and Transition Systems 
$75,000 $75,000 
Modifications to Preliminary/Previous Design 
Selection and Design of Bridge Deck and Wearing Surface 
Development and Analysis of Post-to-Deck Anchorage 
Selection of Critical Impact Points 
Analysis Using LS-DYNA Computer Simulation 
Documentation of Design Process with Findings 
3. Dynamic Component Testing 
$75,000 $75,000 
Construction of Test Articles 
Conducting Dynamic Impact Tests 
Component Testing Data Analysis 
Onboard Vehicle Accelerometers and Angular Rate Trans. 
High-Speed and Low-Speed Video 
Post-Test Field Measurements, Documentation, and Findings 
4. Site Preparation 
$325,000 $75,000 
Soil Excavation 
Acquisition of Bridge Railing/AGT Materials 
Construction of Simulated Bridge Deck 
Construction of Bridge Railing System/AGT 
Instrumentation Installations (String Pots, etc.) 
5. MASH Testing for Respective Test Level - Includes Data Analysis from 
Onboard Vehicle Accelerometers and Angular Rate Transducers, High-
Speed Video, and Post-Test Field Measurements 
- - 
Test No. X-10/20: 1100C Small Car $65,000 $65,000 
Test No. X-11/21: 2270P Pickup Truck $75,000 $75,000 
Test No. X-12: 10000S Single Unit Truck at 56 mph and 15 
degrees 
- - 
Reverse Direction Impact with Pickup Truck - $75,000 
6. System Removal/Repair to Damaged Sections/ Deck 
$30,000 $25,000 Repairs After First Test 
Repairs After Second Test 
7. System Removal and Disposal 
$50,000 $20,000 Removal of Bridge Deck/Bridge Rail/AGT 
Restoration of Site w/ Compacted Soil 
8. Reporting and Project Deliverables 
$40,000 $35,000 
Summary Report with CAD Details, Mat. Specs., Mill Certs., 
Crash Testing, and Recommendations 
Report Editing (Internal and Sponsor Review) 
FHWA Eligibility Letter Submittal and TF13 Drawings 
Printing, Dissemination, and Accounting 
Total Cost for System Part $765,000 $545,000 









TL-4 TR w/ Curb 
Priority #2 
$1,220,000 
TL-2 TR w/ Curb 
Priority #3 
$1,115,000 



























TL-2 TR w/o Curb 
Priority #13 
$1,295,000 
TL-4 Thrie Beam 
Priority #14 
$1,490,000 
TL-4 TR w/o Curb 
Priority #15 
$1,310,000 
TL-3 Type 10T 





8 PHASE II – USDA – FS – FPL MASH TL-4 BRIDGE RAILING 
8.1 Introduction 
Phase II of this project aimed at utilizing previously-designed bridge railing 
systems as a starting point for further development. The top priority railing system 
identified in Phase I was a timber railing with curb system to meet MASH 2016 TL-4 
impact safety criteria. To begin the work on developing an updated version of this system, 
an in-depth analysis was performed on the last system of this type. This railing system, 
seen in Section 3.13, was developed by MwRSF in the mid-1990’s in collaboration with 
the USDA – FS – FPL [36-37, 47]. At the time, MwRSF graduate student Michael Fowler 
created initial designs based upon information from other previously crash-tested systems, 
updated timber strength calculations, and computer simulation modeling with the 
BARRIER VII software [48-49]. BARRIER VII is a 2-dimensional, finite element analysis 
software that can be used to model vehicle crash events into various types of longitudinal 
barriers, such as guardrails and bridge railings. After the design and simulation efforts had 
concluded, full-scale crash tests were run on both the bridge railing and approach guardrail 
transition systems. The two crash tests conducted on the bridge railing system were test 
nos. TRBR-1 and TRBR-2, meeting the safety evaluation criteria for crash test nos. 4-12 
and 4-11 from NCHRP Report No. 350, respectively [1]. The crash tests proved that the 
system was sufficient to meet the NCHRP Report No. 350 TL-4 criteria, and final 
recommendations were made for the system. However, the computer simulations were 
never revisited to reanalyze the barrier model and conduct a calibration between the model 




To complete Task 1 of the Phase II research project, the research team began by 
gathering and reviewing information on similar systems and critical parameters, such as 
deck thickness, glulam panel size, and overhang length, through survey data, a literature 
review, and correspondence with the sponsor. The next goal was to develop a BARRIER 
VII bridge railing model that was calibrated to the crash tests run on the bridge railing 
system designed by Fowler et al. [36-37, 47] This investigation was performed by 
reviewing the BARRIER VII model Fowler had originally used in his development effort, 
and updating the basic geometry and material parameters within the model based on new 
information and considerations from the current research program. The model was deemed 
to be calibrated once the simulation results reasonably replicated the crash testing results 
from the TRBR series of tests. Once the model was calibrated, modifications were made 
to the structural components of the bridge railing system and the associated model 
parameters were updated accordingly. Simulations were conducted with a model reflecting 
each modification with the goal of creating a system that would behave similarly to the 
full-scale system in the TRBR crash testing series, as there was no failure in those two 
tests. These simulations considered updated impact conditions and vehicle parameters 
established in MASH.  
The process of calibrating the model to NCHRP Report No. 350 crash tests and 
then modifying the model to reflect changes necessary for the bridge railing system to meet 
MASH criteria had to be performed twice in this research effort. After an initial calibration 
effort using an overall modeling scheme similar to that used by Fowler, simulation 
provided system behavior comparable to what was observed in physical testing. The next 




system. As part of this effort, a new BARRIER VII 10000S vehicle model also had to be 
created, as will be further discussed.  After investigation, it was determined that the 
modification of certain parameters when updating the system to meet MASH criteria 
caused a large amount of uncertainty in the accuracy of the model. The exact cause of this 
uncertainty is discussed in a later section of this thesis. Due to low confidence in the 
model’s predictability, the research team decided to return to the original phases of the 
project and determine a modeling scheme that would be more representative of the actual 
bridge railing system. The model was recreated using the new modeling scheme and 
produced acceptable results in simulation once again. At this time, research efforts 
advanced into simulation of MASH crash testing for the second time, utilizing a BARRIER 
VII model that produced results that carried much more confidence. After making the 
necessary modifications to the system to achieve desired behaviors, additional simulations 
were also performed in order to identify the critical impact points for crash testing with a 
pickup truck and a single-unit truck. The investigation and design processes are detailed in 
the following sections of this thesis. 
8.2 BARRIER VII Software 
Developed in 1973 by Graham Powell at the University of California Berkeley [48-
49], the BARRIER VII computer software has been utilized to simulate vehicle crash tests 
for five decades. Since its original development, the software has been updated to be able 
to simulate and evaluate barrier systems using refined mesh sizes with larger arrays of 
elements for beams, posts, and other element types. 
BARRIER VII utilizes material and extensional geometric non-linearities to 




perfectly-plastic properties when behaving flexurally and extensionally. If multiple 
members with different force versus deflection relationships are placed in parallel, strain-
hardening effects can be introduced as well. The program uses the tangent stiffness method 
to process inelastic member behavior and midpoint constant acceleration numerical 
integration for incorporating dynamic loads [48-49]. 
In BARRIER VII, a barrier is modeled as a planar rigid body capable of 
deformations, while vehicles are given a prescribed shape, mass, and rotational inertia. The 
body of the vehicle is defined by nodes with nonlinear springs at each location that allow 
the body to deform based on a prescribed stiffness. The action of deformation for the 
vehicle is supposed to represent the crushing of sheet metal and plastic vehicle components, 
bottoming of these materials against the vehicle’s frame, and eventually, unloading of the 
material as the vehicle disengages from the barrier. A BARRIER VII vehicle model also 
has inputs that can be changed to determine which points on the vehicle are capable of 
contacting each rail when multiple rails are present in a given system. In a double rail 
system, similar to what is being developed through this Phase II project, the vehicle is 
typically designated to apply most of the impact load to the upper rail, which is closer in 
alignment with its center of gravity (c.g.) height. The pickup truck and single-unit truck 
crashes have also demonstrated the tendency for climbing up the lower curb rail. For these 
reasons, the vehicle was modeled to only contact the upper rail in all impact simulations 
involving pickup truck and single-unit truck vehicles in this study. Further, vehicle models 
for idealized planar vehicles under NCHRP Report No. 350 were calibrated by MwRSF to 
accurately represent findings from vehicle crashes into an instrumented wall at TTI in 1989 




properties. Based on this information and analysis of the vehicle deformations, vehicle 
crush stiffnesses and inertial properties were tuned and determined. This data was used for 
the original standard 2000P and 8000S vehicle models that were utilized for BARRIER 
VII simulation efforts. In the process of updating crash testing standards from NCHRP 
Report No. 350 to MASH, a model for the 2270P MASH pickup was also developed. This 
work was completed by researchers at MwRSF with the purpose of using the model to 
identify critical impact points on semi-rigid barriers [51]. The new pickup model contained 
modified dimensions, mass, and rotational inertia in comparison to the 2000P model. An 
updated model for the 10000S single-unit truck was not developed at that time, but a similar 
approach was taken through this research program to develop a basic model for the updated 
10000S vehicle, which is later discussed. The 2-dimensional finite element models for the 
2000P, 8000S, and 2270P vehicles can be seen in Figures C-1 through C-3 of Appendix C, 
along with the respective input file for each vehicle. 
8.3 Initial BARRIER VII Model Calibration 
8.3.1 Global Geometric Updates 
Utilizing the models developed for the original timber railing with curb system, the 
research team proceeded with the work to create a bridge railing system to meet current 
crash testing standards. Because the original BARRIER VII models were never reviewed 
to ensure reasonable replication of the results from the actual crash tests, this step was 
deemed the best place to start. All information regarding the simulations and the associated 
crash tests was acquired and reviewed. The calibration simulations were conducted 
utilizing the actual impact conditions of the full-scale crash tests that were performed on 




reasonably replicate the barrier and 2-D vehicle behaviors observed in the full-scale crash 
testing. Updates to the capabilities of the BARRIER VII software (i.e., expanded array 
sizes) led the team to create a refined system model containing more nodes, and therefore 
a greater number of smaller beam elements, in an effort to produce more refined results.  
The original model created by Fowler, as shown in Figure C-4 of Appendix C, 
contained a surrogate approach guardrail transition, 15 bridge posts that were each attached 
to an upper rail and a curb rail, an anchorage post at the upstream end of the curb rail, and 
an anchorage post at the end of the bridge railing system, connected to both rails. This 
layout resulted in 11 transition posts, 15 bridge railing posts, one curb rail anchorage post, 
and one downstream anchorage post. There were also a total of 117 nodes along the two 
rails. Nodes 1 through 14 represented the transition rail, even numbered nodes from 14 
through 116 represented the top rail, and odd numbered nodes from 15 through 117 
represented the curb rail. Bridge posts were spaced at 8 ft on center, with nodes in the first 
10 bridge spans being spaced at 2 ft on center. In spans 11 through 15, nodes were spaced 
at 4 ft on center. Beam elements were modeled between consecutive nodes along each of 
the rails. The model contained timber strength properties for all bridge railing members in 
the system, as it was built in the 1990’s crash testing program. The upper rail and posts 
were modeled as DF Glulam Combination No. 2, while the curb rail was modeled as DF 
Glulam Combination No. 1, per recommendation from researchers in the original 
development [36-37, 47]. The upper rail was an 8¾-in. deep by 13½-in. tall glulam beam. 
The curb rail was a 6¾-in. tall by 12-in. deep glulam beam supported by glulam scupper 
blocks of the same size that were 54 in. long and centered on each post location. The posts 




schematic of the bridge railing system can be seen in Figure 85. The timber properties that 
were used to model the upper and curb rails of system are provided in Table 25, and the 
properties of the posts are shown in Table 26 [47]. For post elements, the A- and B-axes 
are defined as the two primary axes extending longitudinally and laterally through the 
centroid of the post cross-section, respectively.  
 
Figure 85. Side-View Schematic of NCHRP Report No. 350 TL-4 Glulam Timber Rail 
with Curb Bridge Railing [36-37, 47] 
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In the updated model that was utilized to calibrate the simulations with the full-
scale crash testing results, an additional 8-ft bridge span was added, and the total number 
of nodes increased from 117 nodes to 369 nodes due to mesh refinement in each of the 
bridge spans. The extra span was added in order to model a system containing 16 bridge 
posts, as it was built for the full-scale crash testing program [37]. With the increased 
number of nodes, the elements in the first two bridge spans were each 1 ft long, elements 
in the third through eighth bridge spans were 6-in. long, and elements in the last eight 
bridge spans were 1 ft long. Elements in the third through eighth bridge spans were smaller 
in order to obtain more refined results in the critical area of the railings throughout impact 
simulations. All bridge railing posts were still spaced at 8 ft on center. The updated 
BARRIER VII model is shown in Figure 86. 
With the changes to the general layout of the nodes and elements, simulations were 
then conducted with both the original and updated models utilizing the target impact 
conditions provided in NCHRP Report No. 350 for test nos. 4-11 and 4-12 [1], as well as 
with the actual impact conditions observed in test nos. TRBR-1 and TRBR-2 [36-37, 47]. 
The ideal test conditions and the actual impact conditions are shown in Tables 27 and 28. 




maximum deflections, based simply on the geometric changes that were made, so the 
material properties were not changed prior to performing this check. After comparison, the 
geometric updates proved to provide similar results in simulation. The comparison of the 
crash testing and simulation results can be seen in Tables 29 and 30, along with the 
maximum deflections observed in the appropriate full-scale crash test as well. 






Vehicle Weight (lb) 4,410.0 4,393.8 
Impact Velocity (mph) 62.1 61.6 
Impact Angle (degrees) 25.0 27.4 
Impact Severity (k-ft) 101.6 118.2 






Vehicle Weight (lb) 17,637.0 17,637.0 
Impact Velocity (mph) 49.7 46.5 
Impact Angle (degrees) 15.0 16.0 
Impact Severity (k-ft) 97.6 96.8 
Table 29. 2000P Simulation Results with Geometrically Updated Model 
Impact Conditions 
Simulation Model 










Updated – Duren 7.86 


















Table 30. 8000S Simulation Results with Geometrically Updated Model 
Impact Conditions 
Simulation Model 










Updated – Duren  5.51 
Test No. TRBR-1 3.3 
 
8.3.2 Material Parameter Updates 
8.3.2.1 Post Modeling Scheme 
With the model that was improved to provide more refined results, the material 
properties for the components of the bridge railing system in Fowler’s model were then 
reviewed. For beam elements, the key parameters included in a BARRIER VII model are 
the moment of inertia, cross sectional area, element length, modulus of elasticity, weight 
per linear foot, tensile capacity, and moment capacity. For post elements in a BARRIER 
VII model, the key parameters are defined based on the two primary axes in which the post 
can be loaded and deflect. Figure 87 shows the orientation of these axes for a timber post 
in relation to the rail, as well as the typical behavior and failure mechanisms of a post in 
BARRIER VII. The key parameters include the heights of the rails that are attached to the 
posts, stiffnesses of the posts for elastic horizontal deflections along the two axes, effective 
weight of the posts, yield moments about the two axes, failure shear strengths along the 
two axes, and deflection limits that will cause failure in each direction. In Figure 87, the 
first failure mechanism shown represents the post reaching its yield moment, MA, due to 




deflection, ΔB. The second failure mechanism occurs when the applied load, Pb, surpasses 
the shear capacity of the post, Vb, causing failure before moment yielding occurs. 
 
Figure 87. BARRIER VII Post Model and Failure Behavior 
In the past, the heights of rails were modeled differently than they were physically 
built in order to encapsulate certain behaviors within a system. A chosen reference height 
or surrogate base height was created at a location other than the actual ground line or top 




midheight of the curb rail was 10⅛ in. above the deck and the midheight of the upper rail 
was 28¼ in. above the deck, as denoted by the purple nodes in the left schematic of Figure 
88, the post reference height was set at the midheight of the curb rail, which corresponded 
with the location of the horizontal-bolted connection and the red line in the right schematic 
of Figure 88. With this selection, the curb rail was modeled to be ¼ in. above the reference 
location, and the upper rail was modeled to be 18 in. above the reference location, as 
denoted by the blue nodes in the right schematic of Figure 88. The exact rationale behind 
this modeling scheme is unknown, but after reviewing the crash testing footage, the post 
seemed to rotate about a point somewhere near this reference location, which may have 
given reason for such a scheme. This selection was deemed acceptable as it had historically 
been proven to provide successful railing designs, and the same scheme was utilized in the 
initial efforts to validate the model using the actual crash test conditions.  
 
Figure 88. Original BARRIER VII Post Modeling Scheme 
8.3.2.2 Determination of Timber Component Weights and Strengths 
Both the 2018 National Design Specification (NDS) for Wood Construction [8], 




Bridge Design Specification, 9th Edition [54] were reviewed for current wood design 
procedures and equations for determining strengths. Each reference utilizes similar 
procedures to calculate timber strengths for bending, shear, compression parallel and 
perpendicular to grain, and tension parallel to grain. The general procedure includes 
identifying tabulated reference design values based on the type of wood being analyzed, 
and then modifying these values through multiplication using a series of factors based upon 
the in-use conditions of the element. The detailed procedure from each reference was 
outlined in Appendix D. An example calculation for each type of strength based on the 
members from the final design was also provided in Appendix D.  
The Manual for Engineered Wood Construction also provides guidance on 
determining the weight of glulam materials [53]. Table M5.4-1 in the document includes 
weight factors that can be multiplied by the cross-sectional area of a section to determine 
the weight per lineal foot of a specific type of timber. Weights for the components in the 
BARRIER VII model were assumed to be Douglas Fir-Larch with a specific gravity of 
0.50, which are defined by a weight factor of 0.238 at a 15% moisture content. 
For a BARRIER VII model with a rail element, the key structural parameters are 
the moment and tensile capacities. Through analysis using both references, it was 
determined that the AASHTO LRFD Bridge Design Specification provided slightly more 
conservative strengths in comparison to the NDS. For example, the AASHTO LRFD and 
NDS moment capacities for an 8¾-in. deep by 13½-in. tall DF Glulam Combination No. 2 
beam loaded parallel to the wide face of laminations, as the upper rail is loaded, were 
calculated to be 805.24 k-in. and 870.30 k-in., respectively. The AASHTO LRFD and NDS 




Therefore, the strengths calculated using AASHTO LRFD were incorporated into the 
BARRIER VII model. For post models in BARRIER VII, the important structural 
parameters are the moment and shear capacities. Again, for the moment capacity of a post, 
AASTHO LRFD proved to be conservative in comparison to NDS, but for shear strength, 
AASHTO LRFD predicted higher strengths than NDS. For example, the AASHTO LRFD 
and NDS moment strengths for an 8¾-in. deep by 10½-in. wide DF Glulam Combination 
No. 2 post loaded perpendicular to the wide face of laminations, or MA as shown in Figure 
87, were calculated to be 682.43 k-in. and 752.11 k-in., respectively. The AASHTO LRFD 
and NDS shear strengths for the same post were calculated as 40.6 k and 31.0 k, 
respectively. These findings in relation to shear will be further discussed.  
After all strengths and capacities were determined using updated procedures, a 
comparison of these strengths and capacities was made with Fowler’s BARRIER VII input 
parameters for rail and post elements [47]. This comparison showed that the current 
bending capacities using both NDS and AASHTO LRFD were significantly lower than the 
capacities determined by Fowler.  
An investigation was performed to determine the source of the differences noted 
above. Through the investigation, it was determined that the capacities used by Fowler 
were likely not based on allowable design stresses in the wood members using the NDS 
and AASHTO LRFD procedures. Instead, the strengths were likely determined as a 
percentage of the modulus of rupture (MOR) of the wood. It has been common practice in 
the design of timber rails for barriers to use larger bending strengths, effectively allowing 
for an overstress condition under impact loading scenarios. Wood design strengths 




as observed from testing [55-56]. Designing for smaller bending capacities under impact 
loading conditions would lead to much larger railing components. Thus, the research team 
again considered using bending strengths above those provided by the design equations, 
but which would be less than documented and published MOR values. Further 
investigation helped to determine bending strengths near the mean, which would provide a 
more reasonable bending capacity for use in a bridge railing system.  
Research performed by Moody et al. in the 1980’s provided data showing mean 
MOR strengths are approximately 1.5 times larger than 5th percentile strengths for glulam 
DF beams [57]. An average MOR for DF glulam beams was reported as 6,000 psi, with a 
5th percentile MOR reported as 4,000 psi. This data resulted from the testing of DF Glulam 
Combination 24F-V4 beams with 4, 8, and 10 laminations. Many of the tests resulted in 
much larger MOR values as well, with some strengths above 8,000 psi. Later, research 
conducted by Green and Kretschmann discussed testing performed by Littleford in 1967 
[58-59]. The data from Littleford’s testing showed mean strengths for dry 6-in. by 12-in. 
sawn DF timbers were roughly 1.31 times the 5th percentile strength. The mean MOR was 
reported as 7,542 psi, while the 5th percentile MOR was reported as 5,750 psi. Data from 
the same study with wet DF timbers showed mean strengths 1.25 times the 5th percentile 
strength. The mean MOR for the wet timbers was reported as 6,127 psi, while the 5th 
percentile MOR was reported as 4,890 psi.  
MwRSF has also performed research on a timber railing attached to a noisewall 
barrier for use in the state of Minnesota. Under NCHRP Report No. 350 provisions, an 
original design for shielding the noisewall barrier was developed and published in 2005 




MASH impact safety criteria in 2019 [61]. In the follow-on research, timber bending 
stresses were calculated based on the application of static design loads and compared to 
the bending stresses as calculated using the standard NDS procedures. It was shown that 
the DF glulam timber beam in the original system was estimated to be overstressed by 
39.6% when comparing the bending stress from design loads to the bending stress 
calculated with the NDS. In the crash testing program, the railing system performed 
favorably and was put into service for several years.  
In the efforts to update the system to meet MASH criteria, the size of the beam was 
increased to account for the increased impact severity and overall loading. A new 
comparison of the stresses was performed, and calculations showed the beam was 
overstressed by 23.4% in relation to the new loads and capacities that were calculated. 
Again, although calculation showed the beam would be overstressed, the system performed 
favorably in the crash testing program, and it was deemed acceptable under MASH.  
Based on the data found in the research studies by Moody et al., Green and 
Kretschmann, and Littleford, it was determined that applying an additional strength 
increase factor of 1.33 would further increase design bending capacities from a 5th 
percentile capacity to a mean or 50th percentile capacity. The investigation regarding the 
structural performance of the glulam beam in previous NCHRP Report No. 350 2000P and 
MASH 2270P crash tests at MwRSF provided further confidence that using an increase 
factor of 1.33 was reasonable for determining realistic design bending capacities for use in  
the BARRIER VII computer simulation model. 
During the initial model updating phase, another concern arose over the calculated 




in. wide by 10½-in. deep post from AASHTO LRFD and NDS was determined to be 40.6 
k and 31.0 k, respectively. Thus, AASHTO is considered to be less conservative than NDS 
for calculation of shear capacity. These capacities were compared to the capacity used in 
the original BARRIER VII model of 52.8 k, and are only 76.9% and 58.7% of the modeled 
value, respectively. A higher shear failure limit is often used within a BARRIER VII model 
in order to obtain yielding and plastic behavior in the posts, and therefore better represent 
the actual behavior of a railing system. If the shear limit is set higher than the force required 
for post yielding, then deflection will control the failure of the posts, as seen in the first 
failure scenario in Figure 87. Within the BARRIER VII computer program, the shear limit 
of a post is typically used for posts that are specifically meant to fail due to shear behavior, 
as shown in the second failure scenario in Figure 87 [49].  
For the NCHRP Report No. 350 TL-4 bridge railing system evaluated with the 
TRBR series tests, there was no shear failure of the posts, and the connection hardware was 
configured to withstand the impact loading. The posts were modeled with a shear capacity 
that allowed the railing system to deform with the vertical supports yielding. Thus, the 
posts were governed by either the bending capacity of the lower curb rail and scupper 
blocks attached to the deck or the shear capacity of the vertical bolts connecting the curb 
and scuppers to the deck. The post behavior was not likely controlled by the calculation-
based shear capacity of the 8½-in. by 10½-in. glulam post. For this reason, the shear 
capacity of the posts was increased to 55.0 k for use in the updated BARRIER VII model, 
as shear loading was not expected to exceed this value. This change allowed for the failure 




reaching the shear limit. The simulation efforts discussed later in this thesis also proved 
that the shear forces carried by the posts were lower than the specified shear limits. 
8.3.2.3 Determination of Timber Post Stiffnesses and Failure Deflections 
The last major BARRIER VII input parameters were the post stiffnesses and failure 
deflection criteria. In the past, there have been many different studies to determine the 
capacities and stiffnesses of timber posts. From the literature review, all static and dynamic 
component tests were performed on sawn timber posts. No component test data was found 
for laterally-loaded, cantilevered, glulam timber posts, which were utilized in the original 
NCHRP Report No. 350 TL-4 glulam timber rail with curb bridge railing system.  
For post tests on sawn sections, the bottom end of each post was placed in a fixed 
base or a cantilevered condition, often by insertion into a steel sleeve installed underground 
[62-64]. These tests provided MOR data, shear capacities, stiffnesses to yield or fracture, 
and dynamic post behaviors in both the lateral and longitudinal directions. For situations 
where test results were unavailable, such as for changes with the post size and load 
application height, the elastic, flexural stiffness relationship for a cantilevered post has 
often been used to determine the cantilevered stiffness of an alternative post. It should be 
noted that this relationship assumes only elastic behavior, and after a post reaches yielding, 
the stiffness calculated with this method would no longer be valid. The flexural stiffness is 
shown Equation 1, where k represents the flexural stiffness of the post, E is the modulus of 
elasticity of the material, I is the moment of inertia of the selected post size, and L is the 









After analysis of the data from the aforementioned component tests, it was 
determined to utilize data from a MwRSF study in collaboration with the Nebraska 
Department of Roads (NDOR) [62]. This study was focused on the performance of several 
different grades of wood posts. An average stiffness was determined from the data, and 
Equation 1 was then utilized to determine the flexural stiffness along each axis of the posts 
that were used in the NCHRP Report No. 350 TL-4 bridge railing system. After 
implementing the results into the BARRIER VII model with all of the other timber 
properties updated, it was determined that the stiffnesses provided by this method of 
analysis were too large to represent the actual behavior of the posts when deflecting along 
the B-axis. Because these stiffnesses were based upon cantilevered posts and the system is 
actually a composite system of multiple connections and components that all act together, 
they were not truly representative of the behavior of the bridge railing. The stiffness is 
much more dependent on the combination of the deck, curb rail, and scupper block system 
than simply on a cantilevered post setup. For that reason, it was decided to model the post 
stiffness along the B-axis based on the deflection behavior observed in full-scale crash 
testing and the calculated moment capacity of the post using AASHTO LRFD and NDS. 
In test no. TRBR-2, which was the 2000P pickup truck test performed on the bridge railing 
system, the maximum observed dynamic deflection was 8.0 in., with a permanent set 
deflection of approximately 1.0 in. [36-37, 47]. Based on the yield moment of the post and 
these deflections, a force versus deflection curve was produced and implemented into the 
BARRIER VII model. In full-scale crash testing with the pickup truck, an 8.0 in. backward 
lateral deflection was observed without post failure. Thus, it was determined to allow 10.0 




deflection limit. The deflection along the A-axis of the posts was limited to 4.0 in., as it 
was decided that deflections larger than this may cause adverse effects in the overall 
performance of the complete bridge railing system. 
8.3.3 Initial Calibrated Model Simulation Results 
Calibration of the model was mostly focused on replicating the results of the crash 
test involving the 2000P pickup as there was much more information available for this test. 
Gathering data on deflections and the overall deflected shape of the barrier throughout the 
8000S single-unit truck test was not possible due to the box of the vehicle rolling onto 
barrier system, obstructing camera views.  
With this information, each of the previous modifications and updates were 
implemented into the model and simulation was performed with the 2000P vehicle 
impacting the barrier at the centerline of post no. 5. The simulation results sufficiently 
replicated what was observed in full-scale crash testing based on maximum deflections and 
overall deflected shape. The updated timber parameters for the rails and posts can be seen 
in Tables 31 and 32, respectively. Table 33 and Figure 89 show the comparison of the 
results from test no. TRBR-2 and BARRIER VII simulation with the actual impact 
conditions observed in the same test. In Figure 89, the deflected shape of the bridge railing 
at the time of maximum dynamic deflection as observed from the full-scale crash test and 
simulated test are shown by the red and blue lines, respectively. The simulated vehicle is 

































(Glulam)   





81.0 972.0 1,500 19.3 135.4 668.5 



































































8.0 0.238 41.0 0.437 38.7 
Simulated 
Test 
8.6 0.226 37.1 0.360 35.9 







Figure 89. Test No. TRBR-2 and NCHRP Report No. 350 2000P Simulation Deflected 
Shape Comparison 
Simulation was also conducted using the 8000S vehicle model impacting the barrier 
at midspan between post nos. 4 and 5. Table 34 shows a comparison of the results from 
test no. TRBR-1 and BARRIER VII simulation with the actual impact conditions observed 
in the same test, and Figure 90 shows the deflected shape of the barrier in simulation at the 
time of maximum dynamic deflection. Due to the lack of data regarding deflections of the 
barrier during the full-scale crash test, it is not possible to know the actual maximum 
dynamic deflection experienced by the system or to reasonably plot an overall deflected 
shape. It is believed that the maximum deflection was higher than the reported value, and 
thus, deflections observed in simulation were expected to be larger as well. It should also 
be noted that during the full-scale crash test, the box of the vehicle rolled onto the barrier 




downstream. Because of this, the exit time from the crash test was reported as 1.522 
seconds after impact. The BARRIER VII computer software is not capable of simulating 
this behavior as it is only a 2-D program. By not replicating the rolling behavior of the box, 
the exit times observed in simulation are typically earlier in the event than what is observed 
in full-scale testing, as is the case for the comparison between the TRBR-1 data and the 
8000S simulation of the test. 
After reviewing the data from these simulations on the updated model, it was 
determined that the model was calibrated reasonably well to the data from the actual full-
scale crash tests and the research efforts could proceed into the next phase. With a 
calibrated model, the next step in the process was to begin making component 
modifications to design a bridge railing system to meet the updated MASH impact safety 
criteria. 

















3.3 0.525 36.5 1.522 29.4 
Simulated 
Test 
6.9 0.390 35.1 0.675 34.5 
% Error ** -25.7% +3.8% ** ** 
** - Not calculated due to behaviors observed in full-scale crash testing, as previously 





Figure 90. NCHRP Report No. 350 8000S Simulation Deflected Shape 
8.4 Initial BARRIER VII Model Design Modifications for MASH TL-4 Bridge 
Railing System  
 
8.4.1 MASH Vehicle Models 
As previously noted, BARRIER VII vehicle models representing the NCHRP 
Report No. 350 2000P pickup truck and 8000S single-unit truck had previously been 
developed by MwRSF and calibrated to data obtained from researchers at TTI in the late 
1980’s [50]. A new model of the MASH 2270P pickup truck was also developed by 
researchers at MwRSF in the process of updating impact safety guidelines from NCHRP 
Report No. 350 to MASH. This model used the original 2000P model as a baseline, and 
the vehicle weight, dimensions, and inertial properties were then modified to more closely 




the time, an updated rotational inertia for the vehicle was also estimated and implemented 
into the 2270P model. 
Prior to this study, there had not been a model created to reflect the 10000S single-
unit truck, as utilized for TL-4 testing under MASH. In line with the scope and approach 
of this project, a 10000S vehicle model for use in BARRIER VII would be needed in order 
to obtain results and determine if updated versions of the TL-4 glulam bridge railing would 
be acceptable and ready for full-scale crash testing. A process similar to that followed in 
creating the 2270P model was performed with the intention of obtaining a new single-unit 
truck model.  
Creating a new model for the 10000S vehicle involved gathering data on three 
specific criteria: modern single-unit truck weights, dimensions, and rotational inertias. The 
vehicle weight was determined based on information from MASH and a direct conversion 
of 10,000 kg to pounds, resulting in a weight of 22,046 pounds. Updating the dimensions 
of the vehicle involved analyzing data from newer vintage single-unit trucks that have been 
used in crash tests from both TTI and MwRSF [65-69], as well as current 10000S models 
used in LS-DYNA simulation. Based on the average and median dimensions from these 
vehicles, including the location of the c.g., a new geometric configuration was created for 
the vehicle. The weight supported by each axle was also examined from these tests, and 
wheel loads were redistributed within the model accordingly. The average, median, and 
modeled dimensions are shown in Table 35 and Figure 91. The geometric layout of the 
10000S model is provided in Figure 92. The typical BARRIER VII input file for the 








Figure 91. 10000S Vehicle Dimensions 
The final information needed was rotational inertia for representative single-unit 
trucks. Sample values for the rotational inertia of this truck were found in a research study 
published from The University of Michigan Transportation Research Institute (UMTRI) in 
1986 [70], as well as taken from the LS-DYNA single-unit truck model used by MwRSF. 
Both of these values were lower than the rotational inertia of the calibrated 8000S model, 
which should not be the case due to the increase in mass and dimensions. The 8000S model 
utilized a rotational inertia of 561,483.4 lb-in.-sec2 in comparison to a values between 
Average (in.) Median (in.) Modeled (in.)
E Wheel Base 206.4 206.0 206.0
M Front track 80.1 80.0 80.0
AA Rear Track 74.0 73.0 74.0
A Front bumper width 94.4 95.0 94.0
T Overall width 93.7 96.0 95.5
C Overall length 323.0 330.5 320.0
V Box Length 215.4 223.0 220.0

















315,000 and 480,000 lb-in.-sec2 for similar vehicles documented by UMTRI or 374,475.1 
lb-in.-sec2 for the 10000S single-unit truck model in LS-DYNA.  
Simulation with these values incorporated into the model also provided unexpected 
behaviors, displaying a need for a new method of determining the rotational inertia. An 
investigation showed that much of the information originally used to calibrate the 8000S 
model also came from the UMTRI report, but yet again, the rotational inertia of the 8000S 
vehicle model was set substantially higher than reported values [50]. This increase was 
incorporated in order to create an 8000S model that behaved in a similar manner to actual 
full-scale crash tests. For that reason, the modeled rotational inertia was increased, and a 
similar procedure was performed in order for the new 10000S model to be similarly 
accurate. The research team decided to scale the rotational inertia based on the increase in 
the weight when comparing the 8000S vehicle to the 10000S vehicle. The weight increased 
from 17,637 pounds to 22,046 pounds, corresponding to a 25% increase in weight, and 
therefore a 25% increase was applied to the rotational inertia of the modeled 8000S vehicle. 
Thus, the rotational inertia for the 8000S model was 561,483.4 lb-in.-sec2, which was 
increased to 702,000.0 lb-in.-sec2 for the 10000S model. Simulation with this value 
incorporated into the 10000S model on the calibrated bridge railing system showed vehicle 
behaviors similar to that observed for the 8000S model, but with larger forces and 
deflections, as would be anticipated. This increase led the team to conclude that the model 
was sufficient for use conducting MASH simulations going forward. 
8.4.2 MASH Simulations 
With a barrier model that was calibrated and validated for the NCHRP Report No. 




representative of the MASH 2270P and 10000S vehicles, efforts then began to update the 
bridge railing design to meet current MASH criteria. The first step in this process was to 
increase the overall height of the barrier. For a TL-4 system, a minimum height requirement 
of 36 in. was established based on successful single-unit truck crash testing performed on 
36-in. tall barriers at TTI [71] and MwRSF [72-73]. For this research effort, it was 
necessary to account for an initial 2-in. thick overlay on top of the deck, as well as consider 
a second 2-in. thick overlay in the future. Thus, the top of the bridge railing needed to be 
increased to a height of 40 in. above the top of the bridge deck. This change would provide 
a 36-in. tall barrier in the future after both the initial wearing surface and future overlay 
have been applied to the deck. This height increase was first incorporated into the model 
by simply increasing the height of the post, while leaving all other components of the 
system the same. Several more iterations were also analyzed that included changes to curb 
rail and scupper block sizes and their configurations, as well as where the reference height 
location was set. With each iteration, a new moment capacity and stiffness for the post was 
calculated and implemented into the model, and if the curb rail changed, the associated 
parameters were also changed.  
After simulations were run with each iteration and results were reviewed by the 
research team, it was determined that the current process of making physical changes to 
the barrier system carried an extensive amount of uncertainty. This uncertainty was a 
product of the reference height that was originally chosen to model the previous system 
development. With each height increase or rail change, the point of rotation of the system 
would potentially change, which was believed to be the original basis of the reference 




the new model would no longer correlate with the model that was calibrated to previous 
crash testing. It was also realized that with the curb rail only being modeled ¼ in. above 
the reference height and not being contacted by the vehicle, it did not play a large role in 
the behavior of the model. The force levels and moments experienced by the curb rail in 
simulation were very minimal. This finding is not believed to be accurate when the full-
scale bridge railing system was implemented in testing, as it is believed that the curb rail 
provides stiffness to the system and helps to distribute load away from the impact point, 
especially into the deck. For these reasons, it was decided to return to the original model 
and reevaluate behaviors and parameters as observed in full-scale crash testing program to 
determine a modeling scheme more representative of the system and capable of reflecting 
layout and design changes going forward.  
8.5 Final BARRIER VII Model Calibration 
8.5.1 Reference Height and Post Modeling Modifications 
Following the determination that the initial model calibration effort resulted in 
excessive uncertainty when trying to update the bridge railing system to meet MASH 
criteria, new methods of modeling were examined. It was desired to determine a modeling 
scheme that would allow for geometric and material property changes to be applied 
consistently and uniformly for each design iteration. One logical approach was to model 
the bridge railing system as close as possible to the actual physical layout. This approach 
eventually utilized a reference height located at the top of the bridge deck. This point would 
no longer be based on a behavior of the system, but it would instead be based on the 
physical layout of the system. Again, using this location allowed for changes to be applied 




rail, and when parameters changed, the model would also change to match the components 
as they would physically be constructed. 
 The first step in the process of transforming the model using a reference height 
located at the top of the deck was to modify the heights for the upper and curb rails attached 
to the posts. With this change, the next step was to determine the stiffnesses of the modeled 
posts. As stated previously, the posts, rails, scuppers, and deck all act together to provide 
a combined system stiffness, which makes it difficult to quantify. Each component and 
connection involved in the railing system was examined, and an analysis of the deflection 
behavior and final deformations of the original system during crash testing was performed. 
It was determined that much of the post stiffness was a result of the curb rail, scupper block, 
and deck components, as they were directly connected to one another. Moving the 
reference height to the top of the deck was critical to this realization and the modeling 
going forward, as the model could begin to utilize the strength of the curb rail more 
effectively by fully incorporating it into the system and allowing it to help transfer load. 
 With the curb rail and scupper components being a critical part of the posts’ 
strength and stiffness, the research team utilized its experience with another prior railing 
system that was developed in 2009. In collaboration with the WVDOT, MwRSF developed 
a MASH TL-1 crashworthy, low-height, curb-type, glulam bridge railing for use on 
transverse, nail-laminated decks, as seen in Section 3.4 of this thesis [5-6]. The system was 
comprised of a SYP Glulam Combination No. 48 curb rail that was placed on top of two 
Grade No. 1 SYP sawn timber scupper blocks. The railing system was connected to the 
bridge deck using four ¾-in. diameter, ASTM A307 Grade A timber bolts, which was 




timber rail with curb system were connected to the bridge deck. Details of this system were 
provided in Section 3.4 of this thesis, and a side-view schematic and images of the system 
are shown in Figures 93 and 94.  
 
Figure 93. Schematic of Low-Height, Curb-Type, Glulam Bridge Railing [5-6] 
   
Figure 94. Low-Height, Curb-Type, Glulam Bridge Railing [5-6] 
As part of the development of this system, a series of static component tests were 




scupper block system when different combinations of bolts, shear plates, and split rings 
were placed at the interfaces between the timber rail, timber scupper blocks, and timber 
deck. The testing setup, shown in Figure 95, consisted of a hydraulic ram attached to the 
back of a curb rail and scupper block system. The ram pulled the system backward, and the 
force and deflection levels were recorded using a load cell and string potentiometer, 
respectively. Force versus deflection plots were created and presented as part of the 
research on this system, showing that each hardware combination performed relatively 
similar. The test results are graphically depicted in Figure 96 [5-6]. Test nos. WVS-1 and 
WVS-4 utilized only bolts to connect the curb and scupper system to the deck. Test no. 
WVS-2 utilized bolts and split rings at each timber interface, and test no. WVS-3 utilized 
bolts and shear plates at each timber interface. Test no. WVS-5 utilized bolts and split rings 
only at the interface between the bottom scupper and the deck. The similarity in behavior 
and observation of extra damage to the deck when shear plates or split rings were utilized 
led the research team to detail the full-scale bridge railing system with only the timber bolts 
as connection hardware. Because of the similarities between the WVDOT curb-type system 
and the curb and scupper portion of the TL-4 system, the data from these static component 
tests served as the starting point in determining the stiffness of the combined post system 
incorporated into the TL-4 glulam timber rail with curb bridge railing system in question.   
When analyzing the force versus deflection plots related to the TL-1 curb rail 
system, it was evident that there existed a bilinear behavior before reaching a plastic 
behavior and failure. The first stiffness occurred from 0 in. of deflection up to roughly 2¾ 




through roughly 15 in. of deflection. After 15 in. of deflection, the system seemed to behave 
in a plastic manner with the force versus deflection curves leveling off. 
 
Figure 95. WVDOT Static Testing Setup [5-6] 
 




In the past, posts have typically been modeled in BARRIER VII with a single post 
element at each post location that behaved in an elastic, perfectly-plastic manner. However, 
it is possible to model two post elements at each post location in order to obtain a 
composite, bilinear stiffness behavior, as shown in Figure 97. The first post at each location 
was given an elastic, perfectly-plastic, force versus deflection behavior with stiffness k1, 
while the second post at each location was given a different elastic, perfectly-plastic, force 
versus deflection behavior with stiffness k2, which was less than stiffness k1. The deflection 
at which the second post yielded was also larger than the yield deflection of the first post 
type. With both post types located at each post location, the two posts act in parallel, 
creating an initial stiffness, k3, which is the sum of k1 and k2. When the deflection of the 
composite post system reaches the yield deflection of the first post type, δ1, the overall 
stiffness becomes the stiffness of the second post type only, k2, for deflections between δ1 
and δ2. This behavior occurs due to the first post type no longer applying any additional 
resistance, even as deflections increase. After further deflection, the second post type 
reaches yielding at δ2, and the stiffness of the combined post at that location then becomes 
0 k/in. Eventually, the composite post reaches a deflection at which both posts are set to 
fail, and at this point, the post is removed from the BARRIER VII model by distributing 
the forces that were carried by the post into the rest of the system over the next 10 time 
steps equally [49]. 
 




 It was decided to utilize the composite post modeling scheme for the TL-4 timber 
rail with curb system in order to replicate the general stiffness behavior observed by the 
TL-1 curb rail and scupper system. To ensure this modeling scheme produced accurate 
results when implemented into BARRIER VII, simulations were conducted using a model 
with a single post at each location that contained equivalent energy dissipation before 
failure. The simulation results with each modeling scheme proved to provide nearly 
equivalent results in terms of maximum deflections and deflected shape, and thus the 
composite post modeling scheme was utilized going forward.  
Beginning with a bilinear stiffness model fit to the data from the TL-1 static testing 
program, a series of equations was then used to modify the curve to represent the combined 
post system that was modeled for the TL-4 system. The model for the TL-1 force versus 
deflection behavior was overlaid with the static test results in Figure 98. Note that the final 
plastic behavior occurred after approximately 15 in. of deflection. The TL-1 stiffness 
model was created to only be bilinear and not the plastic behavior beyond 15 in. since the 
BARRIER VII model was configured to incorporate post failure due to a deflection limit 
being reached before deflections of 15 in. 
The TL-1 static testing was performed on a transverse, nail-laminated timber deck 
that was 5½ in. thick with a 4-ft 2-in. wide overhang, as measured from the centerline of 
the exterior girder. The scuppers were fabricated with 8-in. by 10-in. SYP Grade No. 1 
sawn timber, and the curb rail was a 6¾-in. tall by 12⅜-in. deep SYP Combination No. 48 
glulam beam, each of which were 23 in. long. Impact height was taken as the midheight of 
the curb rail, located 18⅜ in. above the top of the deck. The curb rail and scuppers were 




model for the TL-4 system was determined based on using (1) an increased impact height 
located at the midheight of the upper rail, 28¼ in. above the top of the deck, (2) scupper 
blocks and curb rail that were 6¾ in. tall by 12 in. deep with the scupper blocks being 54 
in. long, and (3) a transverse, glulam timber deck that is 5⅛ in. thick with a 2-ft wide 
overhang. The scupper blocks and curb rail were attached to the deck using six ¾-in. 
diameter, ASTM A307 timber bolts for the TL-4 system. 
 
Figure 98. TL-1 Stiffness Model with WVDOT TL-1 Static Testing Results 
For each difference between the TL-1 system used in static testing and the TL-4 
system that needed to be modeled, a standardized modification was performed to the force-
deflection plot in a step-by-step process. These difference include a change in load 




the deck configuration. The data from the modeled TL-1 stiffness was implemented into 
the following equations and the final results represented the stiffness input into the 
BARRIER VII model. 
8.5.1.1 Load Application Height Modifications 
For changes in load application height, two modification equations were applied to 
determine an updated force versus deflection behavior, and thus, an updated post stiffness. 
The first equation, Eq. 2, was used to change the deflections at which the post yields and 
was determined by examining a post when the rotation angle of the post is held constant 
with corresponding the height changes. The second equation, Eq. 3, was used to change 
the force required to yield the post and was determined by assuming that the applied 
moment remains the same in order to yield but the load application height changes. These 
relations can be visualized for a post or curb and scupper system in Figure 99, and the 
equations are as follows, where Hn is the height of load application, δn is the deflection of 
the post at height Hn under a particular rotation of the post, and Fn is the force applied to 
create a particular moment. Performing these transformations for a load application height 
increase from 18⅜ in. to 28¼ in. resulted in the force versus deflection relationships 
detailed in Tables 36 and 37. The data from Tables 36 and 37 are plotted as the black and 
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 Eq. 2 
 𝐹1𝐻1 = 𝐹2𝐻2      →      𝐹2 = 𝐹1
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𝐻2
 Eq. 3 
Table 36. Initial TL-1 Modeled Post Stiffness Data 
  
Table 37. Post Stiffness Data – Modified for Load Application Height Change from 18⅜ 
in. to 28¼ in. 
 
 












Figure 100. Force vs. Deflection - Initial TL-1 Data to Modifications for Load 
Application Height Change from 18⅜ in. to 28¼ in. 
8.5.1.2 Curb and Scupper Strength Modifications 
For changes in the curb rail and scupper block layout, a single modification 
equation was applied to determine an updated force versus deflection behavior, and thus, 
an updated post stiffness. Equation 5 modifies the force required to yield the post system 
and was determined by examining the moment capacity of the curb and scupper layout. As 
the components of the curb and scupper system became larger, the moment capacity and 
flexural stiffness of the overall system increased accordingly. The equation used to modify 
the force required for yielding of the post is as follows, where H is the load application 
height, Fn is the force at which the post yields, and Mn is the moment capacity of the scupper 


















     →      𝐹2 = 𝐹1
𝑀2
𝑀1
 Eq. 5 
The behavior of a curb rail and scupper block system was investigated to determine 
a reasonable means to calculate the moment capacity of the layout. The bolted timber rail 
and scupper system behaves as a post with cantilevered end conditions. In testing, as a 
lateral force was applied to the structure, the curb rail and scupper blocks deflected 
backward, and eventually, the front of the lower scupper block lost contact with the deck 
surface due to wood crush and bending of the vertical connecting bolts. The deformation 
of the scupper and bolts as a result of static test no. WVS-1 is shown in Figure 101. The 
scupper blocks and curb rail remained planar relative to each other and deflected backward, 
as can be seen in Figure 102. It was evident from this behavior that crushing of the wood 
on the back side of the scupper and extension of the connection bolts were critical behaviors 
and must be considered for calculation of the moment capacity for this type of combined 
post system. This capacity was dependent upon the scupper’s strength in compression 
perpendicular to grain and the tensile strength of the connecting bolts. It should also be 
noted, that depending on the type of timber used for the scupper blocks and the deck, the 
compressive strength of the weaker material will govern the timber crushing behavior. 
 Through review, it was realized that this behavior was similar to a reinforced-
concrete beam subjected to bending, in which the concrete carries the compressive load 
and the steel reinforcement carries the tensile load. For this case, the wood carries the 
compressive load and the steel bolts carry the tensile load. After observing this behavior, 




concrete beam should be investigated for use with a timber curb rail and scupper block 
system.  
 
Figure 101. Test No. WVS-1 Scupper Block and Bolt Deformation [5-6] 
 
Figure 102. Deflected State in Static Test No. WVS-4 on WVDOT TL-1 Low-Height, 




Through investigation and analysis, it was determined that the compressive stress 
versus strain relationships for concrete and timber are relatively similar, although the 
compressive strength perpendicular to grain for timber is significantly less than the 
compressive strength of typical concrete. The typical stress versus strain curves for 
concrete and timber are shown in Figures 103 and 104, respectively. Because of this similar 
behavior, it was deemed appropriate to utilize the equations typically used to determine the 
moment capacity of a reinforced concrete beam to determine the moment capacity of a 
timber scupper and curb system, as used in the TL-1 and TL-4 bridge railing systems. After 
review, the Whitney Stress Block Theory was used to determine these bending capacities, 
which assumes a uniform compressive stress that is equal to 85% of the compressive 
strength of the material that spans a percentage of the compression zone [74]. This 
relationship is shown in Figure 105, where d is the distance between the tension 
reinforcement and the extreme compressive fiber, c is the distance from the extreme 
compressive fiber to the neutral axis, a is a percentage of the distance from the extreme 
compressive fiber, β1 is a factor that is dependent upon the compressive strength of the 
material, and f’c is the compressive strength of the material. A value of 0.85 is used for β1 
when analyzing concrete that has a compressive strength less than or equal to 4,000 psi. 
Almost all timber, and specifically DF and SYP, will have a compressive strength 
perpendicular to grain that is much less than this value, so the β1 value was taken as 0.85 
for all calculations, meaning that the equivalent stress block spanned 85% of the distance 





Figure 103. Typical Stress-Strain Curve for Concrete [74] 
 
Figure 104. Typical Stress-Strain Curve for Timber [75] 
 




With this information, one can then assume the tensile (T) and compressive (C) 
forces to be equal and work through Equations 6 through 10 to determine moment capacity, 
where f’c is replaced by the compressive strength of the timber perpendicular to grain, b is 
the length of the scupper, a is the length of the equivalent stress block, As is the area of the 
steel bolts used in the connection, fy is the tensile strength of the bolts, Mn is the nominal 
moment capacity of the scupper and curb system, and d is the distance between the bolts 
and the extreme compressive fiber in the timber. Also, based on research into ASTM A307 
Grade A bolts, as are used for this connection, the material has no defined yield strength. 
Specifications only provide a nominal tensile strength for the material of 60 ksi [76]. In 
some designs, a yield strength of 45 ksi has been utilized, but this selection has been 
believed to be very conservative for yielding in ASTM A307 bolts [77]. Based on 
observations in the TL-1 static testing program and historically published information, the 
concern for rupture of the bolts was minimal due to the amount of deformation observed 
without any failure. As a result, calculations were performed using two yield strengts – 60 
ksi and 45 ksi – to bracket the capacity in the simulation effort. Both yield strength values 
provided conservative simulations, and in an effort to be aggressive in the design of the 
curb and scupper system, the minimum tensile strength of the bolts, 60 ksi, was utilized for 
fy in place of a tensile yield strength going forward. The equations utilized are as follow: 
 𝐶 = 𝑇 Eq. 6 
 0.85𝑓𝑐





 Eq. 8 
 𝑀𝑛 = 𝐴𝑠𝑓𝑦 (𝑑 −
𝑎
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) Eq. 9 




The moment capacities calculated using this method, Mr, were then implemented 
into Equation 4, as previously presented, in order to determine the change in force versus 
deflection behavior that accompanied changes in the curb and scupper layout. The moment 
capacity of the TL-1 and TL-4 combined curb, scupper, and bolt systems were calculated 
as 191.5 k-in. and 720.0 k-in., respectively. 
Starting with the data from Table 37, performing these transformations for the 
change in the curb and scupper systems resulted in the force versus deflection relationship 
detailed in Table 38. The data from Tables 36 through 38 are plotted to show the change 
in behavior in Figure 106. The blue line represents the data in Table 38, the force versus 
deflection behavior of a post system as modified to incorporate the size change of the curb 
rail and scupper block components. It is evident that this change in the curb and scupper 
components increased the overall stiffness of the combined post system, as expected. 
Table 38. Post Stiffness Data – Modified for Curb and Scupper Changes 
  
 








Figure 106. Force vs. Deflection - Initial TL-1 Data to Modifications for Curb and 
Scupper Changes 
8.5.1.3 Deck Configuration Modifications 
The last modifications to the stiffness model for the TL-4 combined post system 
were the result of the differences in the decks, including different timber type, thickness, 
and overhang length. These modification assume small angles of rotation, θ, and a rigid 
post member in order to only account for deck changes in this step. The angle of rotation 
of the deck can be calculated using Equation 11 by assuming the deck is a cantilevered 
beam loaded by a moment that is the result of the lateral load, F, applied at a height, H, to 
the post. Equation 12 was then derived from Equation 11, and ratios using this equation 
determined Equation 13. The first modification equation, Equation 13, was applied to 
modify the deflections at which the posts yield and was determined based upon applying 




to change the forces at which the posts will yield and was determined based upon subjecting 
the deck to the same amount of rotation. These equations are as follows, where θ is the 
rotation angle of the deck, M is the moment applied to the deck as a result of the force F 
applied at a height H on the barrier, L is the length of the overhang, E is the elastic modulus 
of the timber deck, I is the moment of inertia of the deck based on loading width and deck 
thickness, and δ is the deflection of the posts at height H. Each of the variables can be seen 
in relation to the post and deck in Figure 107, and values for E, I, and L relating to each 
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Table 39. Timber Deck Properties 
Deck Type 
Modulus of 
Elasticity, E (ksi) 






1,500 998.25 50.0 
Transverse, Glulam 1,600 1,076.9 24.0 
 
Starting with the data from Table 38, performing these transformations based upon 
the deck changes resulted in the force versus deflection relationship detailed in Table 40. 
The data from Tables 36 through 38 and Table 40 are plotted to show the change in 
behavior in Figure 108. The red line represents the data in Table 40, the force versus 
deflection behavior of a post system as modified to incorporate changes in the deck. The 
transformation represented in a change in the overhang length from 4 ft – 2 in. to 2 ft, a 
change in deck material from Grade No. 1 SYP dimensional lumber to DF Glulam 
Combination No. 2 deck panels, and a change in deck thickness from 5½ in. to 5⅛ in. The 
dashed maroon line represents the post’s force versus deflection behavior after being 
capped by the force causing yielding of the curb and scupper system, as further discussed 
in the next section. 
Table 40. Post Stiffness Data – Modified for Deck Changes from Transverse, Nail-
Laminated Timber Deck to Transverse, Glulam Timber Deck 
  
 








Figure 108. Force vs. Deflection - Initial TL-1 Data to Modifications for Deck Changes 
from Transverse, Nail-Laminated Timber Deck to Transverse, Glulam Timber 
Deck 
8.5.2 Results of Post Modeling Modifications 
In Sections 8.5.1.1 through 8.5.1.3, a new stiffness model and BARRIER VII 
simulation configuration were created using information from a TL-1 curb rail and scupper 
block system that was then adjusted for (1) a new load application height, (2) a more robust 
curb rail and scupper block configuration, and (3) use on transverse, glulam timber decks 
instead of transverse, nail-laminated timber decks. All three modifications pertained to 
details reflected with the layout of the TL-4 glulam timber rail with curb bridge railing 
system. The final stiffness values were considered for the BARRIER VII model. In this 
process, the research team realized that based on the scheme used to model the TL-4 post 




and scupper block portion of the post, as well as the post that connected the curb rail and 
the upper rail.  
Next, the moment capacity of each timber bridge railing post was input into the 
BARRIER VII model as the moment capacity calculated using the typical concrete beam 
equations discussed above, 720.0 k-in. For this modeling scheme, the stiffness model 
capped the peak force using the moment capacity of the curb and scupper system by 
dividing the moment capacity by the load application height of 28¼ in. This selection 
resulted in a yield force of 25.5 k. In order to verify that this scheme was reasonable, the 
moment and shear capacities of the glulam bridge post were compared to the anticipated 
loads transmitted through the posts and imparted to the curb rail and scupper block system. 
As mentioned previously, the posts had a moment capacity of 907.2 k-in. and shear 
capacity of 40.6 k, as calculated using AAHSTO LRFD procedures. The shear load that 
would yield the curb and scupper system was 25.5 k, which was less than the post’s shear 
capacity of 40.6 k. The peak moment imparted on the post was calculated by multiplying 
the applied load, 25.5 k, by the distance between the load application height and the 
horizontal bolt that connected the post to the curb rail, 18⅛ in. This selection resulted in a 
peak moment of 462.2 k-in., which again is less than the bending capacity of the post at 
907.2 k-in.  
Although the TL-4 system had a higher load application height, the increased 
capacity of the scupper and curb system, along with the changes in the deck, produced a 
final stiffness that was larger than what was originally modeled from the TL-1 system. The 
force versus deflection plot modeled from the original TL-1 data and the final force versus 




provided in Figure 109. All timber parameters for the rails and posts are provided in Tables 
41 and 42. A typical computer simulation input data file for the TL-4 glulam timber rail 
with curb bridge railing system with a 2000P vehicle are also shown in Appendix F.  
 
Figure 109. Force vs. Deflection Plot for Post Stiffnesses in Calibrated Model 
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8.5.3 Final Calibrated Model Simulation Results 
In determining the simulation model to be calibrated after using the new modeling 
scheme previously discussed, the critical behaviors examined were the maximum dynamic 
deflection and overall deflected shape of the rail, the time and speed of the vehicle when it 
became parallel to the system, and the time and speed of the vehicle when the vehicle exited 
the system. A discussion of the 2000P and 8000S simulation results and comparison to data 
from the corresponding full-scale crash tests follows. 
After analysis of the available data from the TRBR crash testing series, simulation 
with the pickup truck was proven to be most critical. In full-scale crash test with the single-
unit truck, TRBR-1, the box of the truck rolls over the vertical plane created by the bridge 
railing, blocking the view of the posts and upper rail from video camera views for a 
substantial period of time. For this reason, the reported maximum deflection was believed 
to be too small, but a more accurate value was unable to be produced. For the pickup truck 
test, TRBR-2, there was also a small period of time when the pickup crosses the vertical 
plane created by the bridge railing, but most deflections were still documented, providing 




For test no. TRBR-2, the pickup truck impacted the system at an angle of 27.4 
degrees and a speed of 61.64 mph. The maximum dynamic deflection was 8.0 in. The 
vehicle became parallel to the system 0.238 seconds after impact and was traveling at a 
speed of approximately 41.0 mph. The vehicle exited the system traveling 38.7 mph, 0.437 
seconds after initial impact. When using the same impact conditions in the BARRIER VII 
simulation model, the maximum dynamic deflection was determined to be 10.0 in. The 
vehicle became parallel to the system 0.243 seconds after impact and was traveling at a 
speed of 39.4 mph. In the simulation, the vehicle exited the system 0.350 seconds after 
impact, traveling at a speed of 37.2 mph. 
For test no. TRBR-1, the single-unit truck impacted the system at an angle of 16.0 
degrees and a speed of 46.48 mph. The maximum reported dynamic deflection was 3.3 in. 
This is not believed to be the actual maximum dynamic deflection experienced by the 
railing system as the truck box blocked the view of the posts and upper rail from the 
overhead video camera for a period of time. The vehicle became parallel to the system 
0.525 seconds after impact and was traveling at a speed of approximately 36.5 mph. The 
vehicle exited the system 1.522 seconds after impact, traveling at a speed of 27.3 mph. The 
actual exit time was expected to be much larger than the simulated exit times due to the 
box of the vehicle rolling and leaning on the top of the upper rail, thus remaining in contact 
for an extended period of time. BARRIER VII is a 2-dimensional computer simulation 
program that cannot account for vehicular roll, and therefore it cannot simulate this 3-D 
vehicle behavior. When using the same impact conditions in the BARRIER VII simulation 
model, the maximum dynamic deflection was determined to be 6.9 in. The vehicle became 




the simulation, the vehicle exited the system 0.730 seconds after impact, traveling at a 
speed of 34.2 mph. 
Comparisons of the physical crash test results and simulated test results for the 
2000P and 8000S vehicles are provided in Tables 43 and 44, respectively. The simulation 
results were deemed acceptable for the 2000P vehicle. The simulation results for the 8000S 
vehicle did not compare well for maximum dynamic deflection or exit time due to causes 
previously stated. However, the discrepancy in dynamic deflections was not concerning as 
there was missing data from the higher deflection period of the physical test. As mentioned 
previously, the calibration effort mostly focused on the comparison of results for the pickup 
truck test due to the reliability of the available data from test no. TRBR-2. Note that the 
deflected barrier shapes at the time of maximum deflection as observed in test no. TRBR-
2 and simulation are provided in Figure 110. The deflected shape at the time of maximum 
dynamic deflection in simulation with the 8000S vehicle is provided in Figure 111. 
The 2000P simulation results provided a maximum dynamic deflection that was 
overestimated by 2 in., a parallel time that occurred 0.005 seconds later, and a parallel 
velocity that is 1.6 mph slower. The exit time of the 2000P vehicle was 0.087 seconds 
earlier in simulation, but the vehicle was traveling 1.5 mph slower than what was observed 
in full-scale crash testing at the exit time. With these results, it was evident that the vehicle 
was being redirected and slowed down by the system in a manner similar to how the full-
scale bridge railing system reacted. Since the simulation overestimated deflections, the 
model was conservative for predicting system failure if controlled by deflection limit 
criteria. Although the location of maximum deflection was slightly farther downstream in 




of the deflected barrier was relatively similar. In both testing and simulation, approximately 
three spans were dynamically deflected due to impact, which further indicated that the 
model was appropriate for continued use into the next phases of the project. With these 
results and conclusions, investigative efforts began on creating a bridge railing system to 
meet current MASH impact safety criteria. 

















8.0 0.238 41.0 0.437 38.7 
Test 
Simulation 
10.0 0.243 39.4 0.350 37.2 
% Error +25.0% +2.1% -3.9% -19.9% -3.9% 
 
 
Figure 110. Test No. TRBR-2 and NCHRP Report No. 350 2000P Simulation Deflected 





















3.3 0.525 36.5 1.522 27.3 
Test 
Simulation 
6.9 0.421 36.3 0.730 34.2 
% Error ** -19.8% -0.5% ** ** 
** - Not calculated due to behaviors observed in full-scale crash testing, as previously 
discussed in this section. 
 
 
Figure 111. NCHRP Report No. 350 8000S Simulation Deflected Shape – Final Model 
8.6 BARRIER VII Model Design Modifications for MASH TL-4 Bridge Railing 
System 
 
8.6.1 Design Modification Process 
After reevaluating and modifying the procedures for modeling the different 




research team was ready to begin making the necessary changes to create a system that 
could be deemed MASH crashworthy. The top of the deck is a clearly defined location that 
will remain constant through each iteration, thus eliminating the need to move the reference 
height location to match a certain behavior as design modifications were made to the 
system. This simple fact provided confidence that the model accurately reflected the 
physical characteristics of the bridge railing system and would continue to do so as 
components were modified in order to meet updated standards.  
The goal of this effort was to modify the NCHRP Report No. 350 system in a step-
by-step process, eventually obtaining an updated design that would meet MASH impact 
safety criteria. This process was performed by conducting crash test simulations with 
MASH vehicles using the BARRIER VII computer simulation program on a bridge railing 
system model containing updated parameters reflecting each modification. Analysis of the 
results after each simulation was used to determine if the system was adequate to meet 
MASH impact safety criteria. This process would be repeated until enough reasonable 
changes were made to the system to conclude that the bridge railing system could meet 
MASH TL-4 requirements.  
The design changes considered an overall height increase to accommodate the 
larger single-unit truck vehicles found on the road today, which are represented in MASH, 
as well as future roadway overlays, while also limiting the size of openings between rails 
to avoid snagging on vertical posts. The opening between rails were limited by 
incorporating a taller curb and scupper system into the overall bridge railing design. This 
height increase also utilized a larger curb rail, increasing overall strength, as will be 




also modified to increase the strength and stiffness of the bridge railing posts. The final 
design modification implemented into the system was to utilize a larger upper rail. Each of 
these modifications was made with the purpose of providing enough strength to avoid 
failure, redirect the impacting vehicle in a safe manner, and limit dynamic deflections of 
the bridge railing system. The results of these modifications are discussed in the following 
sections of this thesis. 
The maximum dynamic deflection of any portion of the rail or a post was desired 
to be less than 10.0 in., based on the observed behavior of the NCHRP Report No. 350 TL-
4 bridge railing system sustaining 8 in. of deflection without failure. Allowing up to 10.0 
in. of deflection was deemed the limit as the research team was unsure how the system 
would react if subjected to further deflection. Along with limiting deflections, the number 
of elements reaching yield and the amount of time spent in a yielded state, according to 
simulation, was analyzed. Due to a larger number of elements yielding and remaining in 
this state for an extended period of time even when the maximum dynamic deflection in a 
simulation was less than 10.0 in., further modifications were made to strengthen the 
members of the bridge railing system. These modifications included the addition of extra 
bolts in the connection between the curb rail, scupper blocks, and deck, and increasing the 
size of the upper rail. These modifications and the corresponding simulation results are 
discussed in Sections 8.6.4.2 and 8.6.5, respectively.  
8.6.2 General Height Modifications and Simulations 
The first design modification performed to update the NCHRP Report No. 350 
system to meet MASH criteria was to increase the overall height of the barrier. To create a 




be 40 in. above the top of the deck. Increasing the barrier height to 40 in. made the updated 
system 5 in. taller than the system that was developed under NCHRP Report No. 350 
criteria, and moved the midheight of the upper rail from 28¼ in. above the deck to 33¼ in. 
above the deck.  
The change in loading height of the upper rail caused the need for the stiffness of 
the posts to be modified once again using the method laid out in Section 8.5.1.1 of this 
thesis. The force versus deflection behavior of the posts based on this height change is 
detailed in Table 45, including the stiffnesses input into the BARRIER VII model for each 
post type of the composite post system. In reference to the discussion in Section 8.5.1 on 
the use of a two post system in BARRIER VII, the stiffness of the first post type was 4.92 
k/in. This post yielded after 2.08 in. of deflection. The second post type had a stiffness of 
1.84 k/in. and yielded after 8.33 in. of deflection. Figure 112 shows the modified force 
versus deflection behaviors as well. The red line indicates the behavior of the post system 
after all previous modifications had been made for the NCHRP Report No. 350 system. 
The blue line indicates the behavior as it was detailed in the calibrated system model, 
capped due to the moment capacity of the curb and scupper system. The green line, most 
of which is hidden under the black line, indicates the behavior of the post system after 
modifications due to a height increase from 28¼ in. to 33¼ in. The black line indicates the 
post behavior that was modeled for this scenario, again, capped due to the moment capacity 








Figure 112. Force vs. Deflection Behavior for MASH TL-4 System Configuration after 
Height Increase from 28 ¼ in. to 33 ¼ in. 
Simulations with only this height change incorporated, and all other component 
sizes remaining the same, resulted in deflections that were considered unacceptably large 
at 11.54 in. and 13.72 in. when impacted by the 2270P and 10000S vehicles, respectively. 
The simulations also resulted post failure at two post locations due to reaching the 
maximum deflection limit of 10.0 in. when impacted by each vehicle. 
Deflection (in.) Force (k) Total Stiffness (k/in.) Post 1 Stiffness (k/in.) Post 2 Stiffness (k/in.)
0.00 0.00 - - -
2.08 14.03 6.76 4.92 1.84
8.33 25.5 1.84 - 1.84




8.6.3 Curb Rail Height and Size Modifications and Simulations 
8.6.3.1 Vertical Rail Opening Heights and Post Setback 
Based on past research efforts, the size of vertical openings between rails or 
between a rail and the deck should also be limited in order to prevent vehicle components 
from snagging on posts or other components of a system. The larger an opening is, the 
further the front face of the post or other component must be in order to avoid snagging 
and additional risk to occupants. AASHTO LRFD presents a discussion on the snag 
potential for several bridge railing designs [54]. Crash tests conducted under NCHRP 
Report No. 230 criteria were used to determine the threat of snagging based on different 
geometric parameters. The data was used to detail the potential risk of snag based on post 
shape and setback, as shown in Figure 113. The post setback distance versus the ratio of 
rail contact width to height can also be used to determine post setback criteria, as detailed 
in Figure 114. The ratio of rail height to width is determined by taking the surface area of 
the front face of the bridge railing divided by the overall height of the system.  
 






Figure 114. Snag Potential Based on Ratio of Contact Width to Height and Post Setback 
[54] 
Additional research conducted by MwRSF in the effort to develop a new open 
concrete bridge railing system led to further recommended post setback distances for 
different opening heights. Table 46 defines the recommended post setbacks determined in 
this previous research effort [78]. Additional information from MwRSF researchers is 
shown in Table 47 regarding typical front bumper structural component heights [69]. In 
the TL-4 system with only the height of the upper rail increased, the opening between the 
rails became 13 in. The posts were set back 12 in. from the front of the rails, which 
technically aligns with the data in Table 46, but when the heights of the bumper structural 
components were plotted in front of the TL-4 system with an increased overall height, as 
seen in Figure 115, there was still concern about the 1100C and 2270P vehicles intruding 
through the opening and contacting the posts. In the figure, the railing is shown with a 
single 2-in. thick overlay on the left, and two 2-in. thick overlays on the right. The bumper 




the next iteration in updating the system was to increase the height of the curb rail, thus 
reducing the opening between the two rails. 
Table 46. Recommended Vertical Openings and Post Setbacks [78] 








Table 47. Typical Front Bumper Structural Component Heights [69] 
Vehicle Type 
Bumper Bottom 
Edge Height (in.) 
Bumper Top Edge 
Height (in.) 
Small Car (1100C) 16.25 20.125 
Pickup Truck (2270P) 18.375 24.375 
Single-Unit Truck (1000S) 23.125 33.5 
 
 
Figure 115. MASH TL-4 System Configuration after General Height Modification and 




8.6.3.2 Curb Rail Modification Results 
In order to increase the height of the curb rail, information on standard glulam sizes 
was gathered and different curb rail and scupper block configurations were created from 
these standard sizes and examined in relation to the openings created. Combinations were 
specifically created using 5⅛ in., 6¾ in., and 8¾ in. glulam sections. The final 
configuration that provided satisfactory openings and also increased the strength of the 
system utilized two 5⅛-in. tall scupper blocks with an 8¾-in. tall curb rail. Increasing the 
size of the curb rail also increased the moment capacity of the rail by 30.0%, from 668.5 
k-in. to 869.3 k-in. This new configuration is shown in Figure 116. In the figure, the system 
is again shown with a single 2-in. thick overlay on the left and two 2-in. thick overlays on 
the right, with all heights plotted in respect to the top of the highest overlay. The new 
scupper and curb layout left an opening between the upper and curb rails of only 7½ in., 
and a maximum opening between the top of the overlay and the bottom of the curb rail of 
8¼ in. With this new configuration, simulated maximum deflections were slightly smaller 
than with the previous iteration, but still deemed to be too large at 11.26 in. and 13.35 in. 
for the pickup truck and single-unit truck simulations, respectively. The pickup truck 
simulation also resulted in post failure at one post location, while the single-unit truck 





Figure 116. MASH TL-4 System Configuration after Curb Rail Modifications 
8.6.4 Curb and Scupper to Deck Connection Modifications and Simulations 
8.6.4.1 Bolt Placement 
After increasing the height and size of the curb rail, the next two changes included 
modifications to the bolting configuration between the curb and scupper system to the deck. 
Because of the methodology used to determine post strength and stiffness, which is 
strongly based upon the strength of the curb and scupper system, moving the vertical bolts 
to create a larger moment arm between the compression force in the scupper blocks and 
the tension force carried by the bolts would greatly increase the overall strength of the 
system and reduce deflections. Adding more bolts was also implemented to create more 
steel area to carry the tension and provide further strength increases and deflection 
reductions. In each case, the bolts that were utilized were still ¾-in. diameter, ASTM A307 
bolts with 4 in. shear plates at each timber interface. 
The third iteration utilized the same number of bolts, but the bolts were moved 2 
in. closer to the front face of the curb rail and scupper blocks. This configuration is shown 





Figure 117. MASH TL-4 System Configuration after Movement of Vertical Bolt 
Location 
To ensure that moving the bolts forward was geometrically acceptable, spacing and 
edge distance requirements as set forth in the 2018 NDS were examined. The center of the 
bolts and shear plates would be located 4 in. from the front face, and when loaded from 
impact, would need to provide strength perpendicular to the grain of the wood. For bolts 
and shear plates, edge requirements are determined for both the loaded edge and the 
unloaded edge. In the case of impact loading, the distance to the loaded edge would be the 
distance from the front of the curb or scupper to the centerline of the bolt or shear plate. 
The unloaded edge would then be the distance from the centerline of the bolt or shear plate 
to the back of the curb or scupper. For bolts, the edge distance requirement for the loaded 
edge is four times the diameter of the bolt, or 3 in., and for the unloaded edge the 
requirement is one and a half times the diameter of the bolt, or 1⅛ in. The bolts must be 
spaced at one and a half times the diameter of the bolt, or 1⅛ in. For 4 in. shear plates, the 
loaded edge distance must be at least 3¾ in., and the unloaded edge distance must be a 
minimum of 2¾ in. The shear plates must be spaced at 5 in. For both bolts and shear plates, 
the actual loaded edge distance would be 4 in., unloaded edge distance would be 8 in., and 




Moving the bolts forward, once again cause a modification to the stiffness of the 
post system. To account for this change in the strength of the curb and scupper system, the 
method detailed in Section 8.5.1.2 of this thesis was followed once again. Through this 
process, the moment capacity of the curb and scupper system increased from 720.0 k-in. to  
1,038.0 k-in., and the resulting changes to the post stiffnesses are detailed in Table 48. In 
reference to the discussion in Section 8.5.1 on the use of a two post system in BARRIER 
VII, the stiffness of the first post type was 7.10 k/in. This post yielded after 2.08 in. of 
deflection. The second post type had a stiffness of 2.65 k/in. and yielded after 6.23 in. of 
deflection. Figure 118 shows the modified force versus deflection behaviors as well. The 
green line indicates the behavior of the post system after modifications due the initial 
increase in height to meet MASH criteria. The black line indicates the post behavior as it 
was modeled through for simulation after increasing the overall height of the system, and 
the curb rail and scupper configuration. The blue line indicates the post behavior after 
modification due to the change in the location of the vertical bolts connecting the curb and 
scupper blocks to the deck. The red line indicates the post behavior that was modeled for 
this scenario, again capped due to the moment capacity of the curb and scupper system. 
Table 48. Post Stiffness Data after Movement of Vertical Bolt Location  
 
 
Deflection (in.) Force (k) Total Stiffness (k/in.) Post 1 Stiffness (k/in.) Post 2 Stiffness (k/in.)
0.00 0.00 - - -
2.08 20.22 9.74 7.10 2.65
6.23 31.2 2.65 - 2.65





Figure 118. Force vs. Deflection Behavior after Movement of Vertical Bolt Location 
Simulation with the updated parameters based on moving the vertical bolts forward 
produced more favorable results than previous iterations, but they were still deemed 
unacceptable and further deflection reduction was desired. The maximum deflections from 
the simulations were determined to be 9.30 in. and 10.31 in. for the pickup truck and single-
unit truck, respectively. No post failure was observed in these simulations. 
8.6.4.2 Number of Bolts 
The next iteration in updating the TL-4 design included further changes to the curb 
and scupper portion of the system by adding two additional vertical bolts connecting the 






Figure 119. MASH TL-4 System Configuration after Addition of Two Vertical Bolts 
Adding two bolts caused further modification to the stiffness of the post system. To 
account for this change in the strength of the curb and scupper system, the method detailed 
in Section 8.5.1.2 of this thesis was followed once again. Through this process, the moment 
capacity of the curb and scupper system increased from 1,038.0 k-in. to 1,279.9 k-in., and 
the resulting changes to the post stiffnesses are detailed in Table 49. In reference to the 
discussion in Section 8.5.1 on the use of a two post system in BARRIER VII, the stiffness 
of the first post type was 8.75 k/in. This post yielded after 2.08 in. of deflection. The second 
post type had a stiffness of 3.26 k/in. and yielded after 2.79 in. of deflection. Figure 120 
shows the modified force versus deflection behaviors as well. The blue line indicates the 
post behavior after modification due to the change in the location of the vertical bolts 
connecting the curb and scupper blocks to the deck. The red line indicates the post behavior 
as it was modeled for the third MASH iteration. The green line indicates the behavior of 
the post system after modifications due the increased number of bolts. The black line 
indicates the post behavior as it was modeled for this scenario, capped for the new moment 








Figure 120. Force vs. Deflection Behavior after Addition of Two Vertical Bolts 
The inclusion of the additional bolts further increased the strength of the system 
and reduced the maximum deflections experienced by the system to 8.33 in. and 9.03 in. 
for the pickup truck and single-unit truck simulations, respectively. Again, these 
simulations resulted in no post failure. These deflection values were near the end goal of 
obtaining deflections of less than 10.0 in., but due to a substantial amount of yielding of 
Deflection (in.) Force (k) Total Stiffness (k/in.) Post 1 Stiffness (k/in.) Post 2 Stiffness (k/in.)
0.00 0.00 - - -
2.08 24.93 12.01 8.75 3.26
2.79 27.25 3.26 - 3.26




upper rail, curb rail, and post elements in simulation, additional measure was taken to 
further reduce deflections and ensure adequacy with less yielding.  
8.6.5 Upper Rail Size Modifications and Simulations 
In what was reasoned to be the final iteration of upgrading the components of the 
system to meet MASH criteria, a larger upper rail was implemented. In order to provide 
more strength in bending and further distribute loads, the next deepest standard glulam 
section size was implemented into the system. This replaced the original 8¾-in. deep by 
13½-in. tall rail with a 10¾-in. deep by 13½-in. tall rail. This size increase reflected a 
46.5% increase in the moment capacity of the beam from 1,070.5 k-in. to 1,568.6 k-in. The 
new beam is also the same size of glulam beam utilized for the rub rail in the noise wall 
system developed by MwRSF in 2019 that performed successfully in full-scale testing [61].  
The additional strength provided by the larger rail reduced the maximum dynamic 
deflections to 7.22 in. and 7.77 in. for the pickup truck and single-unit truck simulations, 
respectively. The final system configuration can be seen in Figure 121. With these 
deflections dropping below the maximum deflections observed in crash testing of the 
original NCHRP Report No. 350 system, the deflection behavior of the system was deemed 
acceptable and additional analysis into other portions of the simulated system was needed 





Figure 121. Final MASH TL-4 System Configuration  
Each of the BARRIER VII output files were examined to determine the overall 
behavior of the system in terms of yielding or failure of any members and compared to 
previous testing. When examining the simulation results from the NCHRP Report No. 350 
calibrated model, it was determined that 9 upper rail elements, 2 curb rail elements, and 3 
posts all reached their specified yielding point due to impact from the pickup truck model. 
Because this test had a higher impact severity and larger deflections than the 8000S single-
unit truck test, this data was used for comparison with simulations run on the new model. 
With the final iteration of the updated system, the 2270P pickup truck impact caused a 
maximum of 10 upper rail elements, 2 curb rail elements, and 1 post to reach yielding. 
Simulation of the 10000S single-unit truck impact on the updated system caused a 
maximum of 13 upper rail elements, 2 curb rail elements, and 2 posts to reach yielding. 
This information is tabulated in Table 50. The results obtained from the simulation of test 
no. TRBR-2 in comparison to the damage that was actually observed in the test gave the 
research team confidence that the amount of simulated yielding occurring under the MASH 




1 mainly consisted of gouging of the rail from vehicle components such as the bumper and 
wheels, and there was little to no damage observed from bending failure. With the 
similarities in the number of elements yielding in each of the simulations, the updated 
railing system would be expected to behave similarly and have minimal damage caused by 
bending when subjected to full-scale testing in the near future. For this reason, as well as 
from the examination of deflections, this design was determined to be acceptable and final 
considerations could be made in order to proceed to the next phase of this research project. 
Table 50. Number of Yielded Elements in Simulation 
Element Type to 
Reach Yield 
Calibrated NCHRP 








Upper Rail 9 10 13 
Curb Rail 2 2 2 
Post 3 1 2 
 
The final updated BARRIER VII model for the MASH TL-4 glulam timber rail 
with curb bridge railing system and a generic approach guardrail transition system is shown 
in Figure 122. Tables 51 and 52 show the timber parameters for the components of the final 
bridge railing system. A typical computer simulation input data file for the bridge railing 
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8.7 Critical Impact Point Study 
Following the completion of updates to create a barrier model that was sufficient to 
handle MASH loading, a series of additional simulations was run with the model. In each 
of these simulations, the impact point of the vehicle was moved and the results were 
analyzed. This process was performed by moving the impact point downstream in one foot 
increments, starting at bridge post 4 and ending at bridge post 7, using both the 2270P and 
10000S vehicle models. The bridge railing system model can be seen in Figure 122 for 
reference. These were determined to be the critical regions for impact in order to observe 




approach guardrail transition or the anchorage system at the far downstream end. In the 
region between posts 4 and 7, the beam elements were also smaller, as described earlier, 
allowing more detailed information on the performance of the bridge railing. The data from 
each of these simulations was then compared in an effort to identify the critical impact 
point for each vehicle. Specifically, the data that was gathered included the maximum 
deflection experienced by the bridge railing, the maximum tensile force in the railing, the 
number of post, upper rail, and curb rail elements that reached yield, and the lateral and 
longitudinal forces exerted on the rail from the impact.  
8.7.1 2270P Critical Impact Point 
The data gathered from each simulation with the 2270P vehicle was compiled into 
Table 53 and compared to determine ranges for each critical piece of information. In this 
table, the two largest values in each column, including duplicates, are highlighted in yellow 
for visual recognition of maximum values. 
 For simulations run with the 2270P vehicle, the largest maximum deflection was 
7.29 in., and three additional simulations returned a maximum deflection of 7.28 in. These 
deflections occurred when the vehicle impacted at the centerline of post 4, and 1 ft upstream 
of posts 5, 6, and 7, respectively. The lowest maximum deflection observed in simulation 
occurred when impacting 3 ft downstream of posts 5 or 6, and was measured at 6.27 in. 
The largest maximum tensile force in the rail was measured to be 58.49 k when the vehicle 
impacted the system 1 ft upstream of post 6, and the lowest maximum tensile force was the 
result of impact 3 ft downstream of post 4 with a magnitude of 36.81 k. Each simulation 
resulted in a single post element reaching yield, a range of 5 to 10 upper rail elements 




forces, calculated based on the weight of the vehicle and 50-msec average accelerations of 
the vehicle in the global coordinate system, ranged from 75.90 k to 76.94 k. The 
longitudinal impact forces, calculated in the same manner, ranged from 38.00 k to 39.30 k. 
The ranges for the lateral and longitudinal impact forces did not vary much, as would be 
expected, so this data was not a major factor in decision of the critical impact point.  
With each set of data compared side by side, the critical impact point based on these 
simulations was concluded to be 4 ft upstream of post no. 7. In Table 53, the first three 
columns of data for this simulation are highlighted in green. At this location, the maximum 
deflection was measured to be 6.44 in., the maximum tensile force was 42.78 k, one post 
element, nine upper rail elements, and two curb rail elements each reached yielding. The 
maximum lateral force imparted on the barrier was determined to be 76.18 k, and the 
maximum longitudinal force was determined to be 38.01 k. The plot of the impact loads 
versus time for simulation at this impact point is provided in Figure 123. Comparison of 
the results for impact simulation 4 ft downstream of post no. 6 with the absolute maximum 
observed in each category of data proved to be the worst case scenario in obtaining a critical 
combination of large deflections, tensile forces, and element yielding according to the 
simulations. For glulam rail with curb bridge railing systems, splices have typically been 
installed at post locations, so according to BARRIER VII simulation and MASH criteria, 
a splice shall be located at post 7 with impact occurring approximately 4 ft upstream of this 






Figure 123. Impact Force vs. Time for 2270P Simulation 
Through analysis of the data provided in Table 53, it was recognized that 
performing crash testing utilizing alternate points of impact may be viable as there are 
multiple impact points that resulted in similar simulation results. For example, if the critical 
impact point was chosen to replicate 2270P simulation no. 20 from Table 53, located 3 ft. 
downstream of post no. 6, one would expect to observe slightly less deflection and tensile 
force in the rail, but according to simulation, a slightly longer portion of the upper rail 
would reach yielding. It was also apparent that impacting the system 3 or 4 ft downstream 
of post no. 5 would provide very similar results as impacting the system 3 or 4 ft. 
downstream from post no. 6. With the understanding that multiple impact points could be 




downstream of post no. 6. If additional information becomes available through future 
research efforts that would suggest an alternate impact location, further analysis will need 









           
Table 53. Critical Impact Point Data for 2270P Simulations 
 
1 2270P 80 7.29 55.86 1 7 0 76.29 39.30
2 2270P 84 7.02 49.44 1 6 2 76.09 39.11
3 2270P 88 6.69 43.09 1 5 2 76.69 39.09
4 2270P 92 6.28 36.81 1 10 2 76.91 38.66
5 2270P 96 6.44 41.88 1 9 2 76.16 38.00
6 2270P 100 6.70 48.10 1 7 2 75.96 38.17
7 2270P 104 7.02 55.03 1 8 0 75.90 38.53
8 2270P 108 7.28 57.90 1 7 0 76.10 39.10
9 2270P 112 7.22 55.81 1 6 0 76.10 39.25
10 2270P 116 7.01 50.12 1 6 2 76.09 39.10
11 2270P 120 6.68 43.56 1 5 2 76.71 39.09
12 2270P 124 6.27 37.15 1 10 2 76.92 38.66
13 2270P 128 6.44 42.35 1 9 2 76.17 38.00
14 2270P 132 6.69 48.57 1 7 2 76.05 38.21
15 2270P 136 7.02 55.61 1 8 0 75.93 38.54
16 2270P 140 7.28 58.49 1 7 0 76.12 39.11
17 2270P 144 7.22 56.44 1 7 0 76.10 39.17
18 2270P 148 7.01 50.62 1 6 2 76.10 39.10
19 2270P 152 6.68 44.00 1 5 2 76.72 39.09
20 2270P 156 6.27 37.38 1 10 2 76.94 38.67
21 2270P 160 6.44 42.78 1 9 2 76.18 38.01
22 2270P 164 6.69 49.03 1 7 2 76.06 38.21
23 2270P 168 7.02 56.12 1 8 0 75.95 38.54
24 2270P 172 7.28 59.01 1 7 0 76.14 39.11
25 2270P 176 7.22 56.98 1 7 0 76.12 39.18




8.7.2 10000S Critical Impact Point 
The data gathered from each simulation with the 10000S vehicle was compiled into 
Table 54 and compared to determine ranges for each critical piece of information. In this 
table, the two largest values in each column, including duplicates, are highlighted in yellow 
for visual recognition of maximum values. 
For simulations run with the 10000S vehicle, the largest maximum deflection was 
determined to be 8.05 in. This deflection occurred in three simulations, when the vehicle 
impacted 2 ft downstream of posts 4, 5, and 6. The lowest maximum deflection observed 
in simulation occurred when impacting 1 ft upstream of post 7 and was measured at 7.29 
in. The largest maximum tensile force in the rail was measured to be 76.26 k when the 
vehicle impacted the system 3 ft downstream of post 6, and the lowest maximum tensile 
force was the result of impact 1 ft downstream of post 5 with a magnitude of 58.07 k. Each 
simulation resulted in a either 1 or 2 post elements reaching yield, a range of 8 to 13 upper 
rail elements reaching yield, and a range of 0 to 2 curb rail elements reaching yield. The 
lateral impact forces, calculated based on the weight of the vehicle and 50-msec average 
accelerations of the vehicle in the global coordinate system, ranged from 84.18 k to 85.71 
k. The longitudinal impact forces, calculated in the same manner, ranged from 61.88 k to 
64.57 k. Again, the ranges for the lateral and longitudinal impact forces did not vary much, 
as would be expected, so this data was not a major factor in decision of the critical impact 
point.  
With each set of data compared side by side, the critical impact point based on these 
simulations was concluded to be 3 ft downstream of post 7. In Table 54, the first three 




deflection was measured to be 7.92 in., the maximum tensile force was 76.26 k, 2 post 
elements, 10 upper rail elements, and no curb rail elements reached yielding. The 
maximum lateral force imparted on the barrier was determined to be 85.15 k, and the 
maximum longitudinal force was determined to be 63.95 k. The plot of the impact loads 
versus time for simulation at this impact point is provided in Figure 124. It is recognized 
that the impact force versus time plots from BARRIER VII do no exactly correlate with 
plots created from actual crash test data from single-unit truck impacts. In full-scale crash 
testing, a larger load is applied to the barrier due to tail slap of the vehicle and not the initial 
impact of the front end of the vehicle. BARRIER VII is not able to encapsulate this 
behavior, but the maximum force level is still in accordance with design loading conditions. 
Comparison of the results for impact simulation 3 ft downstream of post no. 6 with the 
absolute maximum observed in each category of data proved to be the worst case scenario 
in obtaining a critical combination of large deflections, tensile forces, and element yielding 
according to the simulations. For glulam rail with curb bridge railing systems, splices have 
typically been installed at post locations, so according to BARRIER VII simulation and 
MASH criteria, a splice shall be located at post 7 with impact occurring 5 ft upstream of 





Figure 124. Impact Force vs. Time for 10000S Simulation 
Through analysis of the data provided in Table 54, it was recognized that 
performing crash testing utilizing alternate points of impact may be viable as there are 
multiple impact points that resulted in similar simulation results. For example, if the critical 
impact point was chosen to replicate 10000S simulation no. 19 from Table 54, located 2 ft. 
downstream of post no. 6, one would expect to observe slightly more deflection, but the 
tensile force in the rail and the length of the upper rail which reaches yield would be 
expected to be lower. It was also apparent that impacting the system 2 or 3 ft downstream 
of post no. 5 would provide very similar results as impacting the system 2 or 3 ft. 
downstream from post no. 6. With the understanding that multiple impact points could be 




downstream of post no. 6. If additional information becomes available through future 
research efforts that would suggest an alternate impact location, further analysis will need 












           
Table 54. Critical Impact Point Data for 10000S Simulations 
 
1 10000S 80 7.56 59.28 1 13 2 84.43 62.20
2 10000S 84 7.90 67.06 1 13 2 84.18 61.90
3 10000S 88 8.05 73.98 2 9 2 84.47 63.07
4 10000S 92 7.94 75.04 2 10 0 84.99 63.88
5 10000S 96 7.77 73.12 2 9 0 85.57 64.50
6 10000S 100 7.61 68.54 1 8 2 85.70 64.57
7 10000S 104 7.46 63.32 1 12 2 85.67 64.17
8 10000S 108 7.30 58.07 1 13 2 84.93 63.06
9 10000S 112 7.54 59.49 1 12 2 84.45 62.19
10 10000S 116 7.89 67.61 1 13 2 84.25 61.94
11 10000S 120 8.05 74.83 2 9 2 84.48 63.05
12 10000S 124 7.92 75.58 2 10 0 85.15 63.96
13 10000S 128 7.76 73.75 2 9 0 85.57 64.49
14 10000S 132 7.61 69.09 1 8 2 85.71 64.57
15 10000S 136 7.47 64.07 1 13 2 85.59 64.12
16 10000S 140 7.30 58.53 1 13 2 84.95 63.07
17 10000S 144 7.54 60.04 1 12 2 84.49 62.22
18 10000S 148 7.89 68.18 1 13 2 84.24 61.88
19 10000S 152 8.05 75.50 2 9 2 84.54 63.09
20 10000S 156 7.92 76.26 2 10 0 85.15 63.95
21 10000S 160 7.76 74.27 2 9 0 85.59 64.50
22 10000S 164 7.61 69.50 1 8 2 85.67 64.52
23 10000S 168 7.47 64.43 1 13 2 85.52 64.04
24 10000S 172 7.29 58.90 1 13 2 84.98 63.09
25 10000S 176 7.54 60.51 1 13 2 84.44 62.16





8.8 Summary, Conclusions, and Recommendations for USDA – FS – FPL Phase II 
Research 
 
8.8.1 Summary and Conclusions 
Through these research efforts, an updated design configuration for a MASH 2016 
TL-4 crashworthy glulam timber rail with curb bridge railing system has been developed. 
In the process of developing this bridge railing system, a thorough review of similar 
systems developed under previous crash testing standards was performed. The most recent 
iteration of this type of system, developed by MwRSF in the 1990’s under NCHRP Report 
No. 350, served as an initial basis for this further development.  
In order to create a new system deemed acceptable under MASH criteria, 
simulation using BARRIER VII software was performed with models originally developed 
for the NCHRP Report No. 350 system. The goal was to calibrate the models to the data 
obtained through full-scale crash testing that was performed at the time. With a calibrated 
model, the components of the system could then be modified and simulations could be 
performed with MASH vehicles to help predict the behavior of the system. Once a model 
was developed that would perform satisfactorily in simulation, final designs could be 
detailed and further component and full-scale crash testing could be performed to ensure 
adequacy of the system.  
To begin, the original models were examined piece by piece and general updates 
were made to utilize the increased capacities of BARRIER VII. These updates included the 
incorporation of smaller elements in order to produce more accurate and detailed results, 
as well as the refinement of timber properties, as calculated through updated design 




and updating of the model, the research team believed to have built a calibrated model that 
reasonably replicated that original crash testing results. Simulation with updated MASH 
vehicles and further modifications to the system were then made to attempt developing a 
system that would be MASH crashworthy. In this process, uncertainties were recognized 
due to certain modeling schemes that were used, and a new calibration effort began based 
on a new method of modeling.  
New efforts were made to develop a calibrated model and proceed with further 
development. Through changing the modeling scheme and applying modifications to post 
stiffnesses and strengths based on data from previous research, a second calibrated model 
was created and used going forward. To then update the system to meet MASH criteria, 
height increases were applied to both the upper and curb rails, the curb and scupper block 
configuration, including the bolts connecting the system to the deck, was changed, and 
eventually, a larger upper rail was implemented. Through these changes, a system was 
developed that performed satisfactorily in simulation based on overall behavior. This 
included information in regard to the vehicle being slowed down and redirected, acceptable 
deformations of the bridge railing, and acceptable forces and yielding of elements in the 
system. Following the development of this model, additional research efforts were made 
in order to identify the critical impact point when performing crash testing using both the 
2270P and 10000S vehicles.  
The final bridge railing design utilizes all glulam components. The upper rail is to 
be a 10¾-in. deep by 13½-in. tall glulam beam, while the curb rail should be an 8¾-in. tall 
by 12-in. deep glulam beam. The curb rail will be placed on two scupper blocks that each 




Connection hardware and splices are yet to be designed, but in order to obtain adequate 
strength as modeled, a minimum of eight ¾-in. diameter, ASTM A307 timber bolts should 
be used in the vertical connection between the curb and scupper system and the deck. With 
each of these components incorporated into the BARRIER VII model, the critical impact 
point for the 2270P vehicle was determined to be 4 ft upstream of post 7, and the critical 
impact point for the 10000S vehicle was determined to be 5 ft upstream of post 7. In testing, 
there should be a splice located at post 7 based on guidelines from MASH 2016. Simulation 
of these impact scenarios predicts a maximum deflection of approximately 6.44 in. and 
7.92 in. for the 2270P pickup truck and 10000S single-unit truck impacts, respectively. 
8.8.2 Recommendations 
Going forward, continued research should be performed in order to complete Phase 
II of this project and fully develop a bridge railing and accompanying approach guardrail 
transition system that meet MASH criteria.  
In order to complete Task 1 of the research study, a complete analysis of the 
connection and splice hardware should be performed in accordance with current timber 
design standards. Shear, tensile, and bearing capacities should be checked for adequacy in 
carrying at a minimum the loads that the timber members can carry. Additionally, an 
analysis of the deck should be performed to determine if a 5⅛-in. thick transverse glulam 
timber deck can withstand the impact loading associated with a TL-4 bridge railing system. 
If this deck size is insufficient, the same analysis should be performed for additional deck 
thicknesses, starting at 6¾-in. thick. In accordance with the scope of the project, analysis 




including longitudinal, glulam timber and reinforced-concrete decks, to determine if the 
same system could potentially be implemented in locations with these deck types as well.  
Following developments with the bridge railing system, a similar approach should 
be taken to develop an updated approach guardrail transition system to meet MASH TL-3 
impact safety criteria. Three-dimensional CAD details should be produced to reflect the 
new bridge railing system and approach guardrail transition at that time. With the details 
of these systems, a test plan can be created for static and/or dynamic component testing, as 
well as for full-scale crash testing. Component testing should be performed to help 
determine deck behaviors and strengths, as well as to learn more about the behavior of the 
composite post system used in the bridge railing system, specifically the curb and scupper 
block components. Component testing can also help in determining ideal connections for 
each deck type.  
Following component testing, full-scale tests should be run on both the bridge 
railing and approach guardrail transition. All testing should comply with the standards set 
in MASH 2016. Crash tests should be performed to evaluate the bridge railing and deck 
system at critical impact points according to test designation nos. 4-10, 4-11, and 4-12, 
using a 1,100-kg small car, a 2,270-kg pickup truck, and a 10,000-kg single-unit truck, 
respectively. During testing of the bridge railing system, instrumentation should be utilized 
to capture the forces experienced by the rails and connections throughout impact loading 
scenarios. Doing so will provide the roadside safety community with valuable information 
and allow for more efficient and effective design of timber railings going forward. Crash 
tests on the approach guardrail transition system should be performed near the bridge 




and 3-21. It is anticipated that two 1,100-kg small car tests and two 2,270-kg pickup truck 
tests will be required to evaluate the downstream and upstream stiffness transitions as well 
as reverse-direction impacts.  
Once all tests on these systems have been conducted and passed, final 
recommendations can be made and overall findings should be documented and 
disseminated to the public. At that time, the glulam timber curb with bridge railing system 





9 PHASE III – USDA – FS – MTDC MASH TL-1 BRIDGE RAILING 
9.1 Introduction 
In collaboration with the USDA – FS – MTDC, MwRSF began work in 2020 to 
adapt a MASH 2009 TL-1 crashworthy low-height, curb-type, glulam bridge railing 
system, previously developed for use on transverse, nail-laminated decks, to be capable of 
use of typical USDA – FS transverse, glulam timber bridge decks [3]. MASH was updated 
in 2016 after the system’s original development. For the update, the impact safety criteria 
for TL-1 bridge railing systems did not change, other than additional photographic 
documentation was now required. Therefore, the system was still considered acceptable 
under MASH 2016 [4]. In order to be acceptable for use on this new deck type, component 
testing was to be performed, and equivalent strength was to be demonstrated for the bridge 
railing system on each type of deck. Once component testing was completed and equivalent 
strength demonstrated, final design details and 3-D CAD plans were to be created and 
distributed. This process began by reviewing data and information from the original 
development of the bridge railing system, as well as standard plans documents published 
by the USDA – FS for timber bridges. The experience and expertise of the sponsor agency 
was also taken into account through the use of a questionnaire. Following review, the test 
plans were created and materials were ordered to construct the surrogate bridge railing 
systems. The component testing and final reporting phases of this project are yet to be 
completed. 
9.2 WVDOT Low-Height, Curb-Type, Glulam Bridge Railing System 
The original MASH TL-1 low-height, curb-type, glulam bridge railing system was 




6]. Figures 125 and 126 show a side-view schematic and images of the railing system, 
respectively, which consisted of two 8-in. tall by 10-in. deep by 23-in. long, SYP Grade 
No. 1 sawn timber scupper blocks and a 6¾-in. tall by 12⅜-in. deep, SYP Glulam 
Combination No. 48 beam as a curb rail. At each scupper location, the curb rail and scupper 
blocks were attached to the deck with four ¾-in. diameter, ASTM A307 timber bolts. The 
top height of the curb rail measured 19¾ in. above the 2-in. thick wearing surface of the 
deck. The deck was fabricated from 2-in. by 6-in. SYP Grade No. 1 dimensional lumber 
placed side by side and nailed together, forming a standard nail-laminated deck. A special 
nailing and glue pattern was developed as part of the original research in collaboration with 
the WVDOT in order to account for the connection of the curb and scupper system to the 
deck as well. This nailing pattern will also be detailed in the test plans discussed in 
subsequent sections of this thesis. 
 




   
Figure 126. Low-Height, Curb-Type, Glulam Bridge Railing [5-6] 
As part of the original research project with WVDOT, a series of five static 
component tests and one full-scale crash test were conducted. The five static tests were 
performed in order to evaluate the force versus deflection characteristics of a curb and 
scupper system with different connection types utilized. For test nos. WVS-1 and WVS-4 
the connection consisted only of the four vertical bolts. For test no. WVS-2, split rings 
were placed around the bolts at each timber interface. In test no. WVS-3, shear plates were 
placed around the bolts at each timber interface. For the final test, test no. WVS-5, the 
connection mechanism consisted of split rights placed around the bolts only at the timber 
interface between the bottom scupper and the deck. Each of these configurations can be 









           
 








           
 








           
 








           
 








           
 




 The static tests were conducted using a hydraulic ram that applied lateral load to 
the midheight of the curb rail. In this process, a load cell was implemented to record the 
forces applied to the system, and a string potentiometer measured the deflections. This 
testing setup is shown in Figure 132. The final force versus deflection plots created from 
the data gathered in testing is provided in Figure 133. The results of the static testing 
program indicated that the addition of shear plates or split rings did not provide a significant 
amount of additional strength, and thus, the full-scale system was developed to utilize only 
the vertical bolts in the connection between the curb, scuppers, and deck.  
 
Figure 132. WVDOT Static Testing Setup [5-6] 
The full-scale crash test, test no. WVBR-1, was then conducted in accordance with 
the criteria set forth in MASH for test no. 1-11, which subjected the bridge railing system 
to a 5,000-lb pickup truck impacting the system at a speed of 31 mph and an angle of 25 
degrees [3-4]. The actual test conditions consisted of a 5,179-lb pickup truck impacting the 




adequately contained and redirected the vehicle, and overall behavior of the vehicle and 
bridge railing were deemed acceptable, resulting in a passed test. The system was then 
concluded to be acceptable for use in accordance with the TL-1 impact safety criteria found 
in MASH [5-6]. 
 
Figure 133. Force vs. Deflection for WVDOT TL-1 Static Testing [5-6] 
9.3 Static and Dynamic Test Plan Development 
9.3.1 Test Plan Requirements 
To determine if the previously-developed, low-height, curb-type, bridge railing 
system would provide adequate strength when implemented on a transverse, glulam timber 
deck, one static and one dynamic test will be conducted on surrogate curb and scuppers 




rail development. To obtain data and observe the necessary behaviors to make this 
determination, a series of requirements were laid forth by the research team.  
First, in order to get a true comparison of the systems, the testing that was to be 
performed needed to replicate the work completed for the original development, including 
using the same materials for all components, as well as constructing the curb and scupper 
systems in the same manner. For testing on the nail-laminated deck, construction of the 
deck was to exactly replicate the previous work. The surrogate deck should include the 
same girder arrangement, overhang length, attachment mechanism for the girder-to-deck 
connection, and nailing pattern within the deck. For the glulam deck, the worst case design 
scenario was to be implemented such that the minimum strength of the system attached to 
a glulam deck could be compared to the strengths provided when implemented on nail-
laminated decks, as previously designed. To obtain this scenario, a review of typical Forest 
Service glulam decks was performed, and factors such as using the minimum deck 
thickness and weakest connection mechanism between the girders and deck panels were 
considered. 
Second, a full bridge railing system was not needed for this component testing 
program, and thus, the length of the deck used for each deck type only needed to account 
for the length of deck that the load and deflections would be distributed over. This length 
is highly dependent on the connection of the timber members used to create the deck. In 
order to determine the necessary length for the nail-laminated deck, data collected in the 
full-scale test and video footage from the test were reviewed. With each consecutive piece 
of lumber being connected, an estimated length of force and deflection transfer was 




necessary to perform testing on the glulam deck, the connection of consecutive deck panels 
was analyzed and contributed to the final design decisions for the testing program. The 
final design details for each testing program will be further discussed in subsequent 
sections of this thesis. 
9.3.2 Design Decisions for Nail-Laminated Deck Test Plans 
After review of the static testing program and the full-scale crash test run on the 
TL-1 system on a nail-laminated deck, final design decisions were made for the static and 
dynamic testing program associated with this project. Again, in this research project, the 
curb and scupper systems and the deck were to be built to exactly replicate the previous 
development. The bents, abutments, girders, and cross-members from the previous testing 
were still installed at the MwRSF test site in their original configuration. With this, the 
only major design decision associated with creating the test plan for the nail-laminated 
deck was to determine the necessary length of deck. Based on review of the video footage 
from the test, and the actual layout of the full-scale system, the two curb and scupper 
systems were set to be spaced 10 ft apart on the deck, center to center. This replicates the 
distance between consecutive scuppers in the actual system. In order to allow for full 
distribution of the load into the deck, an additional 8 ft from the center of the curb and 
scupper system was added. This results in a total deck length of 26 ft. All other components 
were detailed to meet the specifications previously developed for the WVDOT TL-1 low-




9.3.3 Design Decisions for Glulam Deck Test Plans 
9.3.3.1 Glulam Timber Bridge Standard Plan Documents 
 In the effort to adapt the TL-1 low-height, curb-type glulam bridge railing system 
to be capable of use on standard USDA – FS transverse, glulam timber decks, a thorough 
review was performed on standard plans documents developed by the Forest Service, as 
well as other MwRSF bridge railing development projects that included work on 
transverse, glulam timber decks.  
The USDA – FS published a standard plan document in 2001 titled Standard Plans 
for Timber Superstructures [79]. This document contains information on several typical 
timber deck bridge types utilized by the Forest Service, including transverse, glulam deck 
systems. Information contained in the document includes guidelines for design loadings, 
component dimensions, material grades and specifications, and construction procedures. 
There are also tables that provide guidance on girder size based on span lengths for 
different bridge configurations. Further information is included on attachment techniques 
that can be used to connect glulam deck panels to glulam or steel girders, girders to bents 
and abutments, and diaphragm spacing and connections. In 2019, an updated standard plan 
document was published by the Forest Service titled Standard Plans for Glued-Laminated 
Timber Bridge Superstructures, which contains updated guidance on the same topics in 
regards to transverse, glulam timber bridges that were included in the 2001 document [80]. 
After review of the standard plans, a general questionnaire was sent to the sponsor 
as an attachment to a quarterly progress report to help the research team’s understanding 
of typical design procedures. The responses, along with additional conversation with the 




questionnaire can be found in Appendix H and is labeled as Attachment No. 1. The 
document contains the questions that were asked, the response from the sponsors, and 
further comments by the MwRSF research team.  
9.3.3.2 Girder, Diaphragm, and Deck Panel Sizing and Configuration 
Based on the information that was provided through the standard plan documents 
and the questionnaire responses from the sponsor, design decisions were made in order to 
create a test plan.  
First, because of the need for only a surrogate bridge system, the opportunity to 
utilize smaller girder sizes and reduce construction costs was available. Response from the 
sponsor indicated that all girder sizes are used and implementation is dependent upon the 
project. With this information, it was concluded to create a test plan that would utilize a 20 
ft bridge segment in order to perform the static and dynamic tests. Utilizing the tables 
provided in FPL-GTR-125, the currently utilized standard plan document for the Forest 
Service, the suggest girder size for 20-ft long girders, spanning 19 ft, is 6¾-in. wide by 
16½-in. tall [79]. This is the suggested girder size when utilizing DF Glulam Combination 
No. 24F-V4, as has been used in the past for similar systems at MwRSF [37]. Based on 
information from the tables and from the sponsor, it was also decided to use a 4 ft spacing 
between girders and a 2-ft cantilevered overhang outside of the exterior girder. A three 
girder system was to be used to create the surrogate bridge deck, and in an effort to create 
a symmetric system, the deck panels would extend 2 ft from either side of the girders. This 
would create the overhang on one side of the system and a connection point to the concrete 




concrete supports was also designed in accordance with FPL-GTR-125, using ½-in. thick 
steel plate members and a ¾-in. thick elastomeric bearing pad under the girder [79]. 
The 20-ft surrogate bridge length was also determined based on typical sizing and 
behavior of glulam deck panels. The sponsor indicated that a typical deck panel measures 
4 ft in the longitudinal direction of the bridge, creating the need for a total of 5 panels to 
create this surrogate bridge. The deck panels would then have final dimensions of 5⅛-in. 
thick by 12-ft long by 4-ft wide and would be made of DF Glulam Combination No. 2. 
From the questionnaire, it was determined that the Forest Service does not always provide 
a connection between consecutive deck panels. Because there is no mechanism used to 
connect the panels to each other, transfer of forces and deflection from one panel to the 
next is assumed to be minimal. This allowed for the two curb and scupper systems that 
were to be tested on the glulam deck to be placed on separate panels without risk of one 
test significantly impacting the other. For this reason, one component system will be placed 
on the second panel in from the end, while the other is placed on the fourth panel. The 
systems will be centered on the width of the panel, allowing only one panel to reasonably 
provide resistance, and therefore testing the worst case scenario. 
When using glulam girders for this type of bridge, glulam diaphragms are also to 
be utilized. FPL-GTR-125 provides guidance on the typical size and spacing of these 
diaphragms based on girder length, as well as how to connect the diaphragms to the girders. 
For a 20-ft long bridge, 2 diaphragms should be used between each set of girders, spaced 
14 ft apart. Each line of diaphragms is to be placed 3 ft from the end of the girder, but the 
diaphragms themselves are offset from this line, as can be seen in Figure 134 [79]. 




connect the diaphragms to the girders and the lag screws that connect the deck panels to 
the girders, an offset of 9 in. was used.  
 
Figure 134. Typical Glulam Diaphragm Layout [79] 
 Per guidance from FPL-GTR-125, glulam diaphragms are also suggested to be 5⅛-
in. thick, 8 in. shorter than the height of the girder, and ⅛ in. less than the clear span 
between girders. The diaphragms should be connected to the girders through the use of two 
tie rods routed through the center of the diaphragm with malleable iron washers and nuts 
of the opposite sides of each girder. The tie rods can either be ¾- or ⅞-in. diameter. The 
tie rod routes are typically centered on the diaphragm width, and placed at the third glue 
line from the top and bottom [79]. With the previously discussed girder configuration, this 
would result in a 5⅛-in. thick by 8½-in. tall by 41⅛-in. long diaphragms. If an 8½-in. tall 
diaphragm were to be used, there would not be enough laminations to place two routes 
through the diaphragm, as this size only contains 5⅔ laminations. In order to adequately 
provide space for the tie rod connections in the diaphragms, it was determined that a 12-
in. tall diaphragm should be utilized and the routes should be made at the second glue line 




9.3.3.3 Deck Panel to Girder Connection Details 
In review of transverse, glulam timber deck bridges, a variety of deck panel to 
girder connection mechanism were found to be used. Response to the questionnaire sent to 
the sponsor also reinforced that there is not a standard used for this connection in the Forest 
Service. In previous testing programs at MwRSF, it was typical to use aluminum brackets 
and ASTM A307 bolts. In the past, this was the most typical standard, but recently, the use 
of nails and lag screws has also become popular. In the creation of test plans for this project, 
initially, aluminum brackets and ⅝-in. diameter bolts were going to be used, as there are 
standard details regarding this type of connection and MwRSF has done testing on similar 
systems using this type of connection between the deck and the girders in the past. After 
discussion on optimization of building costs, it was realized that this connection could 
potentially cause constructability issues that would lead to increased construction costs. 
The research team decided to instead look into the use of lag screws as the connection 
hardware between the deck panels and girders. Since the Forest Service uses this type of 
connection on a number of bridges and there are standard details for this type of connection 
in FPL-GTR-260, this was deemed acceptable [80].  
An analysis was done to compare the strengths of the two connection types in order 
to see if they were comparable and therefore either could be used. The calculated capacities 
for each connection type in four failure mechanisms are shown in Tables 55 and 56, and 
discussion of these results follow. The four failure mechanisms for the brackets and bolts 
included tensile and shear failure of the bolt, tearout of the bolt through the bracket, and 
shear of the bracket through the vertical plane where the bracket connects to the girders. 




screws, withdrawal of the lag screws from the timber members, and lateral failure of the 
timber members or lag screws. 
Table 55. Bracket and Bolt Capacities 
 
 
Table 56. Lag Screw Capacities 
 
 
The tensile and shear capacities of ⅝-in. ASTM A307 bolts were retrieved from 
Tables 7-1 and 7-2, respectively, in the 15th Edition of the AISC Steel Construction 
Manual and checked with hand calculations [81]. Bracket tearout strength at the bolt hole 
and shear strength at the vertical plane detailed by the solid blue line and denoted A-A in 
Figure 135 were also analyzed. The brackets were assumed to be cast of aluminum alloy 
356 with Fy of 24 ksi and Fu of 33 ksi, as is standard per FPL-GTR-260 [80]. Calculations 
of these strengths can be found in Appendix I. 
Bolt Tensile = 10.4 k/bolt
Bolt Shear = 6.23 k/bolt
Bracket Tearout = 15.7 k/bracket
Bracket Shear = 22.3 k/bracket
5/8" Bolts & Aluminum Bracket Capacities
Screw Tensile = 8.89 k/screw
Screw Shear = 5.33 k/screw
Screw Withdrawal = 7.61 k/screw
Screw Lateral Failure = 2.37 k/screw





Figure 135. Aluminum Bracket Details [80] 
The tensile and shear capacities of ¾-in. ASTM A307 lag screws were determined 
by hand calculation using the cross sectional area of the screws at the root diameter. Lag 
screw dimensions were retrieved from Table L2 of the 2018 NDS, assuming full-body 
diameter lag screws.  
The withdrawal and lateral strengths of a single screw were determined in 
accordance with the 2018 NDS, assuming the use of Douglas Fir-Larch wood with a 
specific gravity, G, of 0.50, found in Table 12.3.3A [51]. The lag screws were also 
determined to be a minimum of 11 in. long in order to meet minimum penetration criteria. 
The calculations for these strengths are shown in Appendix I. 
For withdrawal strength, the tabulated design value was multiplied by each of the 
modification factors and then multiplied by the length of threads on the screw, 5½ in., to 
determine the total withdrawal strength per screw. This length corresponds to the length of 
threads on an 11-in. lag screw, not counting the tapered end of the screw. Calculation 
resulted in a withdrawal strength of 7.61 k/screw. 
For lateral strength, each of the six failure modes shown in Figure 136 were 




In the figure, the shaded regions of the connected members represent failure locations. For 
the physical situation determined for this testing program, failure mode IV controls and 
provides a lateral strength of 2.37 k/screw. Lateral strengths for the other five failure 
mechanism can also be found in Appendix I. 
 
Figure 136. Single Shear Lateral Failure Mechanisms for Lag Screws [51] 
The connection layouts shown in Figures 137 and 138, found in FPL-GTR-260, are 
the typical layouts used for each of the two connection types [80]. Brackets and bolts use 
a staggered pattern for internal panels, while lag screws use a straight line pattern centered 
on the girder. These are the connection layouts that would be utilized for this testing 
program as well, depending on the final results of this analysis. 
Based on these layouts, the research team discussed how many of each type of 
connector would contribute to the overall strength of the connection during impact events. 
It was concluded that for a single panel along each girder, two brackets and bolts would  




and all four bolts and brackets would contribute to the vertical strength of the connection 
(tension of bolt or shear of bracket). For the same scenario with the lag screws, all four 
screws would contribute to both the vertical and horizontal strength of the total connection. 
Final results are shown in Tables 57 and 58 for total vertical and horizontal strengths, 
respectively, accounting for the corresponding number of connectors that would provide 
strength. 
 
Figure 137. Typical Bracket and Bolt Connection Layout [80] 
 





Table 57. Total Vertical Strength of Deck Panel to Girder Connections 
 
Table 58. Total Horizontal Strength of Deck Panel to Girder Connections 
 
 
Based on the results of this analysis, using lag screws provided the worst case 
scenario for failure during testing due to being weaker in for both vertical and horizontal 
loading. For this reason, the final design of the glulam deck testing program included the 
use of ¾-in. diameter ASTM A307 lag screws, with a minimum length of 11 in., to connect 
the deck panels and girders. 
9.4 Final Static and Dynamic Test Plans 
Following the determination of all design details, 3-D CAD test plans were created 
to reflect the design of the program on each deck type. Final test plans for the static and 
dynamic testing program performed on the transverse, nail-laminated timber deck can be 
seen in Figures 139 through 163. Final test plans for the static and dynamic testing program 
performed on the transverse, glulam timber deck can be seen in Figures 164 through 181. 
To date, all materials have been ordered and construction has begun in order to complete 
these research efforts. Further evaluation will be made after testing has been performed. 
Connector Strength (k) Controlled By:
Bolt/Bracket 41.6 Bolt Tensile
Lag Screw 30.4 Screw Withdrawal
Vertical Strength
Connector Strength (k) Controlled By:
Bolt/Bracket 12.5 Bolt Shear








           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 







           
 




9.5 Summary, Conclusions, and Recommendations for USDA – FS – MTDC 
Research 
 
9.5.1 Summary and Conclusions 
Through a comprehensive review of the WVDOT MASH TL-1 low-height, curb-
type, glulam bridge railing system and standard plan documents developed by the Forest 
Service, static and dynamic testing programs have been established to adapt the previously 
developed system to a new deck type. With the original system being designed for use on 
a transverse, nail-laminated bridge deck, this research effort has been made to adapt the 
system to be capable of use on transverse, glulam timber bridge decks. Multiple design 
decisions were made in order to develop 3-D CAD test plans representing the original 
system on a nail-laminated deck, as well as a worst case scenario situation for the system 
attached to a transverse, glulam deck. Once built, one static and one dynamic test will be 
run on a curb and scupper system attached to each deck. Force versus deflection behaviors 
will be recorded and analyzed, along with the damage sustained by the system and the 
deck, in order to determine if the adaptation is feasible. With favorable results, final details 
will then be created and the system can be implemented on transverse, glulam timber bridge 
decks in the future. 
9.5.2 Recommendations 
To determine if the low-height, curb-type, bridge railing system is acceptable for 
use on transverse, glulam bridge decks and complete this research project, the respective 
static and dynamic tests must be run. Following the testing, an in-depth analysis should be 
performed to compare the behavior of the system on each deck type. If favorable results 
are found, the final design should be detailed, including new 3-D CAD details of a complete 




adequate strength, additional efforts should be made to strengthen the system and create a 
MASH TL-1 crashworthy system for use on transverse, glulam timber deck bridges in 
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Yes NCHRP 350 TL-4 30% Yes TL-4 
Mississippi NA - - - - - - - - 































to Steel Posts 








TN No - 5% No - 
NA – Not Applicable 
LSp – Longitudinal, Spike-Laminated Timber 
LG – Longitudinal, Glulam Timber 







           



























Nevada NA - - - - - - - - 
New 
Hampshire 





Rail with Curb 






Railing with Curb 






















NA - - - - - - - - 
Ohio 
1 TST-1-99 
Steel Post and 
Steel Tube 






Steel Post and 
Steel Tube 
TN Yes TL-3 75% No - 
Oklahoma NA - - - - - - - - 
NA – Not Applicable       TN – Transverse, Nail-Laminated Timber 







           

































Solid Timber Posts 
and Rail with a 
Vertical Connection 
for Scupper Blocks 
and a Horizontal 
Connection Between 
the Posts and Rail 




Glulam Curb and 
Railing Mounted to 
Glulam Posts 
LG, TG No - 100% Yes TL-3 
South Dakota NA - - - - - - - - 
Texas NA - - - - - - - - 
Virginia 
1 GC-8000 
Sawn Lumber Posts 
Attached to Glulam 
Timber Deck 
LG Yes NCHRP 350 TL-4 80% Yes TL-3 
2 SBD01D 
Sawn Lumber Posts 
Attached to Glulam 
Timber Deck 





Timber Posts Bolted 
into Timber Stringers 




Steel Posts with Thrie 
Beam Guardrail, 
Breakaway Bolts to 
Steel Bracket 
TN Yes SL-1 97% No - 
NA – Not Applicable  
LG – Longitudinal, Glulam Timber 
TG – Transverse, Glulam Timber 







           


































Attached to Timber 
Posts with Curb 
Concrete Yes NCHRP 350 TL-2 100% Yes TL-2 
Federal 
Government 






Sawn Timber Curb 
on Sawn Timber 
Scupper Blocks; 
Top-Mounted 
LG, LN, LSp, 
LSt, TG, TN, 
Planks Decks 









Bridge Railing with 
Sawn Timber Curb 
Attached to Sawn 
Timber Posts 
LG, LN, LSp, 
LSt, TG, TN, 
Planks Decks 









Railing Attached to 
Sawn Timber Posts 













Curb on Glulam 
Timber Scupper 
Blocks 
LG, TG, TN No - 25% Yes TL-1 
NA – Not Applicable      LG – Longitudinal, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber   LSp – Longitudinal, Spike-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber  TG – Transverse, Glulam Timber 







           






































Glulam Timber Bridge 
Railing with Glulam 
Timber Curb Attached 
to Glulam Timber 
Posts 








with no railing system 
inventory 












Glulam Deck Panels, 
Posts, and Railing 






Glulam Deck Panels, 
Posts, and Railing 









6x12 S4S SYP Rail 
attached to 8x10 S4S 
SYP Posts, Posts 
attached to 6x12 S4S 





No - 100% Yes TL-2 
NA – Not Applicable      LG – Longitudinal, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber   LSp – Longitudinal, Spike-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber  TG – Transverse, Glulam Timber 







           

























































Post and Top 























with a Top Rail 
Attached to 
Posts 
TG Yes TL-2 5% No - 
* - Not counted as a system in reported number of systems in Section 6 
LG – Longitudinal, Glulam Timber 
TG – Transverse, Glulam Timber 







           




































Curb on Scupper 
Blocks with a Top 
Rail Attached to 
Posts 






Timber Railing for 
Low Volume 
Roads; 8x8 Curbs 
on Scuppers with 
8x8 Posts and a 
4x10 Sawn Timber 
Rail 
LSp, TN No - 10 No - 
2 PL-1 
6x12 Sawn Timber 
Curb on Scuppers, 
8x10 Solid Sawn 
Posts, Glulam Rail 
LSp, TN Yes 
NCHRP 230 PL-
1/TL-2 







from USDA FS, 
Sawn Curbs, 
Scuppers, Posts, 
and Blockouts with 
a Glulam Rail 
Concrete Yes 









and Blockouts with 
a Glulam Rail 
LG, LSp, 
TG, TN 
Yes NCHRP 350 TL-4 35 Yes 
TL-3, 
TL-4 
TG – Transverse, Glulam Timber     TN – Transverse, Nail-Laminated Timber 








           







































TG, TN Yes 











Posts with a 
Steel W-Beam 
Rail 
LSp, TN No - 2 No - 
7 Curbs Only 
Sawn Curb and 
Scuppers 





Desire for Log 
Appearance 
LSp, TN No - 1 No - 
TG – Transverse, Glulam Timber 
TN – Transverse, Nail-Laminated Timber 









Respondent Group Update Deck Type(s) Test Level 
State 
Government 
Alabama No - - 
Alaska No - - 
Arkansas No - - 
Colorado No - - 
Delaware Yes LG, LN, LSp, LSt, Concrete TL-2, TL-3 
Florida No - - 
Illinois No - - 
Indiana No - - 
Kansas No - - 
Louisiana No - - 
Maryland No - - 
Minnesota No - - 
Mississippi No - - 
Missouri No - - 
Montana No - - 
Nevada No - - 
New Hampshire Yes LSp, TG TL-2 
New Jersey No - - 
North Carolina* Yes TN TL-1, TL-2 
North Dakota Yes Timber Planks TL-2 
Ohio No - - 
Oklahoma No - - 
Rhode Island Yes LG, LN, LSp, LSt, TG, TN TL-4 
South Carolina No - - 
South Dakota No - - 
Texas No - - 
Virginia Yes LG TL-3 
Washington No - - 
Wisconsin No - - 
Federal 
Government 
FHWA Yes LG, LN, LSp, LSt, TG, TN TL-1, TL-2 
USDA-FS* Yes 
LG, LN, LSp, TG, TN, Plank 
Deck 
TL-1 
USBR Yes TG, TN TL-1 
Industry 
Consultant 
Alamco Wood Products, 
LLC 
No - - 
Bridge Builders USA, Inc. No - - 
Laminated Concepts, LLC No - - 
Wheeler Lumber, LLC No - - 
* - Groups with an asterisk also requested updates to systems that are already used from this family.
LG – Longitudinal, Glulam Timber 
LSp – Longitudinal, Spike-Laminated Timber 
TG – Transverse, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 








Respondent Group Update Deck Type(s) Test Level 
State 
Government 
Alabama No - - 
Alaska No - - 
Arkansas No - - 
Colorado No - - 
Delaware Yes LG, LN, LSp, LSt, Concrete TL-2, TL-3 
Florida No - - 
Illinois No - - 
Indiana No - - 
Kansas No - - 
Louisiana No - - 
Maryland Yes LSp, LSt TL-3 
Minnesota No - - 
Mississippi No - - 
Missouri No - - 
Montana No - - 
Nevada No - - 
New Hampshire No - - 
New Jersey Yes LG, LN, LSp, LSt, TG, TN TL-3, TL-4 
North Carolina Yes TN TL-1, TL-2 
North Dakota Yes Timber Planks TL-3 
Ohio No - - 
Oklahoma No - - 
Rhode Island No - - 
South Carolina Yes LG, TG TL-4 
South Dakota No - - 
Texas No - - 
Virginia No - - 
Washington No - - 
Wisconsin No - - 
Federal 
Government 
FHWA Yes LG, LN, LSp, LSt, TG, TN TL-1, TL-2 
USDA-FS Yes LG, LN, LSp, TG, TN TL-1, TL-2 
USBR Yes TG, TN TL-1 
Industry 
Consultant 
Alamco Wood Products, LLC No - - 
Bridge Builders USA, Inc. No - - 
Laminated Concepts, LLC Yes LG, LSt, TG, Concrete TL-4 
Wheeler Lumber, LLC No - - 
LG – Longitudinal, Glulam Timber 
LSp – Longitudinal, Spike-Laminated Timber 
TG – Transverse, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 









Respondent Group Update Deck Type(s) Test Level 
State 
Government 
Alabama No - - 
Alaska Yes LG, TG TL-4 
Arkansas* No - - 
Colorado No - - 
Delaware* Yes LG, LN, LSp, LSt, Concrete TL-2, TL-3 
Florida No - - 
Illinois No - - 
Indiana Yes Unsure TL-2, TL-3 
Kansas No - - 
Louisiana No - - 
Maryland Yes LSp, LSt TL-3 
Minnesota* Yes 
LSp, TG, TN, Concrete Slab 
Spans and Concrete Decks 
TL-2, TL-4 
Mississippi No - - 
Missouri No - - 
Montana No - - 
Nevada No - - 
New Hampshire Yes LG, LN, TG TL-2 
New Jersey* Yes LG, LN, LSp, LSt, TG, TN TL-4 
North Carolina* Yes TN TL-1, TL-2 
North Dakota No - - 
Ohio No - - 
Oklahoma Yes Details Vary by County/City TL-1, TL-2 
Rhode Island* Yes LG, LN, LSp, LSt, TG, TN TL-4 
South Carolina* Yes LG, TG TL-4 
South Dakota No - - 
Texas No - - 
Virginia* Yes LG TL-3 
Washington No - - 
Wisconsin* Yes LN, Concrete TL-2 
Federal 
Government 
FHWA Yes LG, LN, LSp, LSt, TG, TN TL-2, TL-3 
USDA-FS* Yes LG, LN, TG, TN TL-1, TL-2 
USBR No - - 
Industry 
Consultant 
Alamco Wood Products, LLC No - - 
Bridge Builders USA, Inc.* Yes 4x12 S4S SYP (Timber) TL-2 
Laminated Concepts, LLC* Yes LG, LSt, TG, Concrete TL-4 
Wheeler Lumber, LLC* Yes LSp, TG, TN, Concrete 
TL-2, TL-3, 
TL-4 
* - Groups with an asterisk also requested updates to systems that are already used from this family. 
LG – Longitudinal, Glulam Timber 
LSp – Longitudinal, Spike-Laminated Timber 
TG – Transverse, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 




Table A-14. Question 3-4 Summary: W-Beam System Development Requests 
Respondent 
Type 
Respondent Group Update Deck Type(s) Test Level 
State 
Government 
Alabama No - - 
Alaska No - - 
Arkansas No - - 
Colorado No - - 
Delaware Yes LG, LN, LSp, LSt, Concrete TL-2, TL-3 
Florida No - - 
Illinois No - - 
Indiana No - - 
Kansas No - - 
Louisiana Yes Concrete on Timber Stringers TL-2, TL-3 
Maryland Yes LSp, LSt TL-3 
Minnesota No - - 
Mississippi No - - 
Missouri No - - 
Montana Yes TN TL-3 
Nevada No - - 
New Hampshire* Yes LG, LN, TG TL-2 
New Jersey No - - 
North Carolina Yes TN, Low Fill Culverts TL-2, TL-3 
North Dakota Yes Timber Planks TL-3 
Ohio Yes TN TL-3 
Oklahoma No - - 
Rhode Island No - - 
South Carolina No - - 
South Dakota No - - 
Texas No - - 
Virginia No - - 
Washington No - - 
Wisconsin No - - 
Federal 
Government 
FHWA Yes LG, LN, LSp, LSt, TG, TN TL-2, TL-3 
USDA-FS* Yes 




USBR Yes TG, TN, Concrete TL-1 
Industry 
Consultant 
Alamco Wood Products, LLC No - - 
Bridge Builders USA, Inc. No - - 
Laminated Concepts, LLC Yes LG, LSt, TG TL-2 
Wheeler Lumber, LLC No - - 
* - Groups with an asterisk also requested updates to systems that are already used from 
this family. 
LG – Longitudinal, Glulam Timber 
LSp – Longitudinal, Spike-Laminated Timber 
TG – Transverse, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 




Table A-15. Question 3-5 Summary: Thrie Beam System Development Requests 
Respondent 
Type 
Respondent Group Update Deck Type(s) Test Level 
State 
Government 
Alabama No - - 
Alaska No - - 
Arkansas No - - 
Colorado No - - 
Delaware Yes LG, LN, LSp, LSt, Concrete TL-2, TL-3 
Florida No - - 
Illinois No - - 
Indiana No - - 
Kansas No - - 
Louisiana* Yes Concrete on Timber Stringers TL-2, TL-3 
Maryland No - - 
Minnesota Yes TG, TN TL-2, TL-4 
Mississippi No - - 
Missouri No - - 
Montana Yes TN TL-3 
Nevada No - - 
New Hampshire No - - 
New Jersey No - - 
North Carolina Yes 
TN, Low Fill Culverts, 
Concrete 
TL-2, TL-3 
North Dakota No - - 
Ohio No - - 
Oklahoma No - - 
Rhode Island Yes LG, LN, LSp, LSt, TG, TN TL-4 
South Carolina Yes LG, TG TL-4 
South Dakota No - - 
Texas No - - 
Virginia No - - 
Washington Yes TN TL-1 
Wisconsin No - - 
Federal 
Government 
FHWA Yes LG, LN, LSp, LSt, TG, TN TL-2, TL-3 
USDA-FS Yes LG, LN, TG, TN 
TL-1, TL-2, 
TL-4 
USBR Yes Concrete TL-1, TL-2 
Industry 
Consultant 
Alamco Wood Products, LLC No - - 
Bridge Builders USA, Inc. No - - 
Laminated Concepts, LLC No - - 
Wheeler Lumber, LLC No - - 
* - Groups with an asterisk also requested updates to systems that are already used from 
this family. 
LG – Longitudinal, Glulam Timber 
LSp – Longitudinal, Spike-Laminated Timber 
TG – Transverse, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 








Respondent Group Update Deck Type(s) Test Level 
State 
Government 
Alabama No - - 
Alaska Yes LG, TG TL-4 
Arkansas No - - 
Colorado No - - 
Delaware Yes LG, LN, LSp, LSt, Concrete TL-2, TL-3 
Florida No - - 
Illinois No - - 
Indiana Yes Unsure TL-2 
Kansas No - - 
Louisiana No - - 
Maryland No - - 
Minnesota No - - 
Mississippi No - - 
Missouri No - - 
Montana No - - 
Nevada No - - 
New Hampshire Yes LG, TG TL-2 
New Jersey Yes LG, LN, LSp, LSt, TG, TN TL-3, TL-4 
North Carolina Yes TN, Concrete 
TL-2, TL-3, 
TL-4 
North Dakota No - - 
Ohio No - - 
Oklahoma No - - 
Rhode Island Yes LG, LN, LSp, LSt, TG, TN TL-4 
South Carolina Yes LG, TG TL-4 
South Dakota No - - 
Texas No - - 
Virginia No - - 
Washington No - - 
Wisconsin No - - 
Federal 
Government 
FHWA Yes LG, LN, LSp, LSt, TG, TN TL-3 
USDA-FS No - - 
USBR No - - 
Industry 
Consultant 
Alamco Wood Products, LLC No - - 
Bridge Builders USA, Inc. No - - 
Laminated Concepts, LLC No - - 
Wheeler Lumber, LLC No - - 
LG – Longitudinal, Glulam Timber 
LSp – Longitudinal, Spike-Laminated Timber 
TG – Transverse, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 
















Curb-type systems for all decks. 
Eliminate or provide a more 'field friendly' connection for scupper to 
curb, curb to deck, mainly the split ring connections. 
Standardize all rail timber materials to be glued-laminated to 




Often owners want to add pedestrian railing elements to the vehicle 
rail. Typically this is increasing the total height to 42" and adding 
safety rails to limit the rail spacing. TL-2 and TL-4 have been 





Acceptance of glulam timber in lieu of where solids are called out. 
State 
Government 








           












Ability to carry the top timber rail of the guide rail system off the bridge 




We are often asked for an all wood 
approach rail to match the bridge 
rail. Currently the most common 






slopes 3:1 or steeper and whether 
such slopes may be acceptable at a 




MnDOT uses a Type 31 guardrail system. The Type 31 guardrail system 
was developed to meet the MASH TL-3. It's 31" in height with a Thrie-
Beam connection at the bridge, and transitions to a W-Beam away from 
the bridge. MASH approved connection details for our type 31 guardrail 
to all MASH TL-2 & TL-4 timber rail systems will be needed. 
South 
Carolina 
- Timber curb to concrete curb on roadway 
Virginia 
Timber bridge railings are usually 
used for timber bridges with low 
traffic volume 
Need a transition to 31" MGS or a timber termination 
Alaska 
Considerations for snow removal 








           









Low strength soils to frozen ground in the 
winter time at 1:1 to 4:1 inslopes 
- 
Louisiana 
Most of our timber bridges are in very rural 
areas with poor slope conditions (2:1 or even 
1:1). While not a requirement, a transition 
that could be used with steep slide slopes 
would be beneficial. 
Our standard guard rail to bridge rail transition uses thrie beam 
so having a thrie beam rail makes such a transition very easy 
and would be our preferred choice. That being said, LADOTD 





Main thing Reclamation needs is better 







Table A-20. Deck Type vs. Test Level Requests: Low-Height, Curb-Type System 
Deck Type 
Requests 
TL-1 TL-2 TL-3 TL-4 
LG 2 2 2 1 
LN 2 2 1 1 
LSp 2 3 1 1 
LSt 1 2 1 1 
TG 3 2 0 1 
TN 5 3 0 1 
Concrete 0 1 1 0 
Other 1 1 0 0 
LG – Longitudinal, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSp – Longitudinal, Spike-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 
TG – Transverse, Glulam Timber 
TN – Transverse, Nail-Laminated Timber 
Table A-21. Deck Type vs. Test Level Requests: Timber Railing without Curb System 
Deck Type 
Requests 
TL-1 TL-2 TL-3 TL-4 
LG 2 3 2 3 
LN 2 3 2 1 
LSp 2 3 3 1 
LSt 1 2 3 2 
TG 3 2 1 3 
TN 4 3 1 1 
Concrete 0 1 1 1 
Other 0 0 1 0 
LG – Longitudinal, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSp – Longitudinal, Spike-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 
TG – Transverse, Glulam Timber 




Table A-22. Deck Type vs. Test Level Requests: Timber Railing with Curb System 
Deck Type 
Requests 
TL-1 TL-2 TL-3 TL-4 
LG 1 5 7 8 
LN 1 6 3 2 
LSp 0 7 6 6 
LSt 0 3 4 4 
TG 1 6 6 13 
TN 3 8 4 6 
Concrete 0 8 4 6 
Other 1 4 1 0 
LG – Longitudinal, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSp – Longitudinal, Spike-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 
TG – Transverse, Glulam Timber 
TN – Transverse, Nail-Laminated Timber 
Table A-23. Deck Type vs. Test Level Requests: W-Beam System 
Deck Type 
Requests 
TL-1 TL-2 TL-3 TL-4 
LG 1 6 2 1 
LN 1 4 2 1 
LSp 1 3 3 1 
LSt 0 3 3 0 
TG 2 4 1 1 
TN 2 4 4 1 
Concrete 1 3 3 0 
Other 1 1 1 1 
LG – Longitudinal, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSp – Longitudinal, Spike-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 
TG – Transverse, Glulam Timber 




Table A-24. Deck Type vs. Test Level Requests: Thrie Beam System 
Deck Type 
Requests 
TL-1 TL-2 TL-3 TL-4 
LG 1 3 2 3 
LN 1 3 2 2 
LSp 0 2 2 1 
LSt 0 2 2 1 
TG 1 3 1 4 
TN 2 4 3 3 
Concrete 1 7 6 0 
Other 0 1 1 0 
LG – Longitudinal, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSp – Longitudinal, Spike-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 
TG – Transverse, Glulam Timber 
TN – Transverse, Nail-Laminated Timber 
Table A-25. Deck Type vs. Test Level Requests: Steel-Backed Timber System 
Deck Type 
Requests 
TL-1 TL-2 TL-3 TL-4 
LG 0 2 3 4 
LN 0 1 3 2 
LSp 0 1 3 2 
LSt 0 1 3 2 
TG 0 1 2 4 
TN 0 1 3 3 
Concrete 0 2 2 1 
Other 0 1 0 0 
LG – Longitudinal, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSp – Longitudinal, Spike-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 
TG – Transverse, Glulam Timber 




Table A-26. Deck Type vs. Test Level Requests: Other Systems 
Deck Type 
Requests 
TL-1 TL-2 TL-3 TL-4 
LG 0 0 0 0 
LN 0 0 1 1 
LSp 0 0 0 0 
LSt 0 0 0 0 
TG 0 0 0 0 
TN 0 0 0 0 
Concrete 0 0 1 1 
Other 0 0 0 0 
LG – Longitudinal, Glulam Timber 
LN – Longitudinal, Nail-Laminated Timber 
LSp – Longitudinal, Spike-Laminated Timber 
LSt – Longitudinal, Stress-Laminated Timber 
TG – Transverse, Glulam Timber 













           
 







           
 







           
 







           
 







           
 























BARRIER VII 2000P Vehicle Input File 
 
NCHRP 350 2000P 
    4393.0   40000.0   20    6    4    0    1 
    1     0.055      0.12      6.00      17.0 
    2     0.057      0.15      7.00      18.0 
    3     0.062      0.18     10.00      12.0 
    4     0.110      0.35     12.00       6.0 
    5      0.35      0.45      6.00       5.0 
    6      1.45      1.50     15.00       1.0 
    1    100.75    15.875    1      12.0    1    0    0    0 
    2    100.75    27.875    1      12.0    1    0    0    0 
    3    100.75    39.875    2      12.0    1    0    0    0 
    4     88.75    39.875    2      12.0    1    0    0    0 
    5     76.75    39.875    2      12.0    1    0    0    0 
    6     64.75    39.875    2      12.0    1    0    0    0 
    7     52.75    39.875    2      12.0    1    0    0    0 
    8     40.75    39.875    2      12.0    1    0    0    0 
    9     28.75    39.875    2      12.0    1    0    0    0 
   10     16.75    39.875    2      12.0    1    0    0    0 
   11    -13.25    39.875    3      12.0    1    0    0    0 
   12    -33.25    39.875    3      12.0    1    0    0    0 
   13    -53.25    39.875    3      12.0    1    0    0    0 
   14    -73.25    39.875    3      12.0    1    0    0    0 
   15    -93.25    39.875    3      12.0    1    0    0    0 
   16   -113.25    39.875    4      12.0    1    0    0    0 
   17   -113.25   -39.875    4      12.0    0    0    0    0 
   18    100.75   -39.875    1      12.0    0    0    0    0 
   19     69.25     37.75    5       1.0    1    0    0    0 
   20    -62.75     37.75    6       1.0    1    0    0    0 
    1     69.25     37.75       0.0      608. 
    2     69.25    -37.75       0.0      608. 
    3    -62.75     37.75       0.0      492. 
    4    -62.75    -37.75       0.0      492. 
    1       0.0       0.0 


















BARRIER VII 8000S Vehicle Input File 
 
NCHRP 350 8000S 
   17637.0  561483.4   20    7    6    0    1 
    1     0.082      0.21       1.5      18.0 
    2     0.063      0.19       2.0      12.0 
    3     0.045      0.17       3.0       4.0 
    4     0.800      0.95       2.5       2.5 
    5     0.900      1.05       3.5       2.0 
    6      0.35      0.25      10.0       3.0 
    7       2.5       3.5       4.5       3.0 
    1     152.4      24.5    1      10.0    1    0    0    0 
    2     152.4      34.5    1      10.0    1    0    0    0 
    3     152.4      44.5    1      15.0    1    0    0    0 
    4     132.4      44.5    1      20.0    1    0    0    0 
    5     112.4      44.5    2      20.0    1    0    0    0 
    6      92.4      44.5    2      20.0    1    0    0    0 
    7      72.4      44.5    2     18.25    1    0    0    0 
    8      55.9      44.5    2      11.5    1    0    0    0 
    9      55.9     47.75    3     23.25    0    0    0    0 
   10      15.9     47.75    4      40.0    0    0    0    0 
   11     -24.1     47.75    5      40.0    0    0    0    0 
   12     -85.1     47.75    5      40.0    0    0    0    0 
   13    -125.1     47.75    5      40.0    0    0    0    0 
   14    -165.1     47.75    5      20.0    0    0    0    0 
   15    -165.1    -47.75    5       1.0    0    0    0    0 
   16      55.9    -47.75    3       1.0    0    0    0    0 
   17      55.9     -44.5    2       1.0    0    0    0    0 
   18     152.4     -44.5    1       1.0    0    0    0    0 
   19     -79.1     45.75    7       1.0    1    0    0    0 
   20     123.9     42.12    6       1.0    1    0    0    0 
    1     123.9     38.12       0.0     2214. 
    2     123.9    -38.12       0.0     2214. 
    3     -79.1     41.75       0.0     2755. 
    4     -79.1    -41.75       0.0     2755. 
    5     -79.1     28.62       0.0     2755. 
    6     -79.1    -28.62       0.0     2755. 
    1       0.0       0.0 














Figure C-3. BARRIER VII 2270P Pickup Truck Model 
305 
 
BARRIER VII 2270P Vehicle Input File 
 
MASH 2270P 
    5000.0   58310.0   20    6    4    0    1 
    1     0.055      0.12      6.00      17.0 
    2     0.057      0.15      7.00      18.0 
    3     0.062      0.18     10.00      12.0 
    4     0.110      0.35     12.00       6.0 
    5      0.35      0.45      6.00       5.0 
    6      1.45      1.50     15.00       1.0 
    1    102.50    15.875    1      12.0    1    0    0    0 
    2    102.50    27.875    1      12.0    1    0    0    0 
    3    102.50    39.000    2      12.0    1    0    0    0 
    4     88.75    39.000    2      12.0    1    0    0    0 
    5     76.75    39.000    2      12.0    1    0    0    0 
    6     64.75    39.000    2      12.0    1    0    0    0 
    7     52.75    39.000    2      12.0    1    0    0    0 
    8     40.75    39.000    2      12.0    1    0    0    0 
    9     28.75    39.000    2      12.0    1    0    0    0 
   10     16.75    39.000    2      12.0    1    0    0    0 
   11    -13.25    39.000    3      12.0    1    0    0    0 
   12    -33.25    39.000    3      12.0    1    0    0    0 
   13    -53.25    39.000    3      12.0    1    0    0    0 
   14    -73.25    39.000    3      12.0    1    0    0    0 
   15    -93.25    39.000    3      12.0    1    0    0    0 
   16   -125.35    39.000    4      12.0    1    0    0    0 
   17   -125.35   -39.000    4      12.0    0    0    0    0 
   18    102.50   -39.000    1      12.0    0    0    0    0 
   19     62.40     33.90    5       1.0    1    0    0    0 
   20    -77.85     33.90    6       1.0    1    0    0    0 
    1     62.40     33.90       0.0      608. 
    2     62.40    -33.90       0.0      608. 
    3    -77.85     33.90       0.0      492. 
    4    -77.85    -33.90       0.0      492. 
    1       0.0       0.0 


























The following equations and calculations were used to determine timber strengths 
and were utilized in BARRIER VII models to reflect the properties of the different 
members used to configure the original TL-4 glulam timber rail with curb bridge railing 
system, as well as the properties for different component sizes in the iteration process 
utilized to update the system to MASH criteria. The equations as provided in AASHTO 
LRFD Bridge Design Specification, 9th Edition [54] and the 2018 NDS and supplements 
[51-53] are shown below, followed by calculations for the final rail and post members used 
in the bridge railing system updated to meet MASH TL-4 impact safety criteria. These 
members include a 10¾-in. deep by 13½-in. tall glulam beam for the upper rail, an 8¾-in. 
tall by 12-in. deep glulam beam for the curb rail, and an 8¾-in. wide by 10½-in. deep 
glulam post . It should also be noted that an additional strength modification factor, 𝜁, with 
a value of 1.33, has been added to all bending equations in order to obtain strengths more 





AASHTO LRFD Bridge Design Specification, 9th Edition [54]: 
The following are the general timber strength equations from Article 8.4.4: 
𝐹𝑏 = 𝐹𝑏0𝐶𝐾𝐹𝐶𝑀(𝐶𝐹 𝑜𝑟 𝐶𝑣)𝐶𝑓𝑢𝐶𝑖𝐶𝑑𝐶𝜆𝜁 Eq. D-1 
𝐹𝑣 = 𝐹𝑣0𝐶𝐾𝐹𝐶𝑀𝐶𝑖𝐶𝜆  Eq. D-2 
𝐹𝑡 = 𝐹𝑡0𝐶𝐾𝐹𝐶𝑀𝐶𝐹𝐶𝑖𝐶𝜆  Eq. D-3 
𝐹𝑐 = 𝐹𝑐0𝐶𝐾𝐹𝐶𝑀𝐶𝐹𝐶𝑖𝐶𝜆  Eq. D-4 
𝐹𝑐𝑝 = 𝐹𝑐𝑝0𝐶𝐾𝐹𝐶𝑀𝐶𝑖𝐶𝜆  Eq. D-5 
𝐸 = 𝐸0𝐶𝑀𝐶𝑖  Eq. D-6 
Where: Fb = applicable adjusted bending design value (ksi) 
  Fv = applicable adjusted shear design value (ksi) 
  Ft = applicable adjusted tension design value (ksi) 
  Fc = applicable adjusted compression parallel to grain design value (ksi) 
Fcp = applicable adjusted compression perpendicular to grain design value 
(ksi) 
F0 = reference design values Fb0, Fv0, Ft0, Fc0, or Fcp0 specified in Article 8.4 
or 2018 NDS (ksi) 
E = adjusted modulus of elasticity (ksi) 
E0 = reference modulus of elasticity specified in Article 8.4.1.1.4 or 2018 
NDS (ksi) 
CKF = format conversion factor specified in Article 8.4.4.2 
CM = wet service factor specified in Article 8.4.4.3 
CF = size factor for visually-graded dimension lumber and sawn timbers 
specified in Article 8.4.4.4 
CV = volume factor for structural glued-laminated timber specified in 
Article 8.4.4.5 
Cfu = flat-use factor specified in Article 8.4.4.6 
Ci = incising factor specified in Article 8.4.4.7 
Cd = deck factor specified in Article 8.4.4.8 




Moment capacity, from Article 8.6: 
𝑀𝑟 = 𝜑𝑀𝑛 = 𝜑𝐹𝑏𝑆𝐶𝐿 Eq. D-7 
Where: Mr = factored moment resistance (k-in.) 
Mn = nominal moment resistance (k-in.) 
φ = resistance factor 
Fb = adjusted design value in flexure (ksi) 
S = section modulus (in.3) 
CL = beam stability factor, which should not be applied simultaneously with 






















≤ 50 Eq. D-11 
𝐿𝑒         → 𝑖𝑓 
𝐿𝑢
𝑑
< 7, 𝑡ℎ𝑒𝑛 𝐿𝑒 = 2.06𝐿𝑢 Eq. D-12 
→ 𝑖𝑓 7 ≤
𝐿𝑢
𝑑




> 14.3, 𝑡ℎ𝑒𝑛 𝐿𝑒 = 1.84𝐿𝑢 Eq. D-14 
 
Where: A = parameter for beam stability 
Kbe = 1.10 for glulam 
E = adjusted modulus of elasticity (ksi) 
Le = effective unbraced length (in.) 
d = net depth of section (in.) 
b = net width (height) of section (in.) 




















Shear capacity, from Article 8.7: 
𝑉𝑟 = 𝜑𝑉𝑛 = 𝜑
𝐹𝑣𝑏𝑑
1.5
 Eq. D-15 
Where: Vr = factored shear resistance (k) 
Vn = nominal shear resistance (k) 
φ = resistance factor 
Fv = adjusted design value in shear (ksi) 
b = width of section (in.) 
d = depth of section (in.) 
 
Compression parallel to grain capacity, from Article 8.8.2: 
𝑃𝑟 = 𝜑𝑃𝑛 = 𝜑𝐹𝑐𝐴𝑔𝐶𝑝 Eq. D-16 
Where: Pr = factored compression resistance (k) 
Pn = nominal compression resistance (k) 
φ = resistance factor 
Fc = adjusted design value in compression parallel to grain (ksi) 
Ag = gross cross-sectional area (in.
2) 






















2  Eq. D-19 
Where: B = parameter for column stability 
  c = 0.9 for glulam 
Fce = Euler buckling stress 
KcE = Euler buckling coefficient, 0.76 for glulam 
E = adjusted modulus of elasticity (ksi) 
















Compression perpendicular to grain capacity, from Article 8.8.3: 
𝑃𝑟 = 𝜑𝑃𝑛 = 𝜑𝐹𝑐𝑝𝐴𝑏𝐶𝑏 Eq. D-20 
Where: Pr = factored compression resistance (k) 
Pn = nominal compression resistance (k) 
φ = resistance factor 
Fc = adjusted design value in compression perpendicular to grain (ksi) 
Ab = bearing area (in.
2) 
Cb = bearing adjustment factor, see Table C-1 
Table D-1. AASHTO LRFD Bearing Adjustment Factors 
Length of Bearing Measured along the Grain (in.) 
Cb 
0.5 1.0 1.5 2.0 3.0 4.0 ≥6.0 
1.75 1.38 1.25 1.19 1.13 1.10 1.00 
 
Tensile capacity, from Article 8.9: 
𝑃𝑟 = 𝜑𝑃𝑛 = 𝜑𝐹𝑡𝐴𝑛 Eq. D-21 
Where: Pr = factored tension resistance (k) 
Pn = nominal tension resistance (k) 
φ = resistance factor 
Ft = adjusted design value in tension (ksi) 





2018 NDS and 2018 Manual for Engineered Wood Construction [51]: 
The following are the general timber strength equations from Article 5.3 of 2018 NDS: 
𝐹𝑏′ = 𝐹𝑏𝐶𝑀𝐶𝑡𝐶𝐿𝐶𝑉𝐶𝑓𝑢𝐶𝑐𝐶𝐼𝐾𝐹𝜑𝜆𝜁 Eq. D-22 
𝐹𝑣′ = 𝐹𝑣𝐶𝑀𝐶𝑡𝐶𝑣𝑟𝐾𝐹𝜑𝜆 Eq. D-23 
𝐹𝑡′ = 𝐹𝑡𝐶𝑀𝐶𝑡𝐾𝐹𝜑𝜆 Eq. D-24 
𝐹𝑐′ = 𝐹𝑐𝐶𝑀𝐶𝑡𝐶𝑃𝐾𝐹𝜑𝜆 Eq. D-25 
𝐹𝑐⊥′ = 𝐹𝑐⊥𝐶𝑀𝐶𝑡𝐶𝑏𝐾𝐹𝜑 Eq. D-26 
𝐸′ = 𝐸𝐶𝑀𝐶𝑡 Eq. D-27 
𝐸𝑚𝑖𝑛
′ = 𝐸𝑚𝑖𝑛𝐶𝑀𝐶𝑡𝐾𝐹𝜑 Eq. D-28 
Where: Fb’ = applicable adjusted bending design value (ksi) 
  Fv’ = applicable adjusted shear design value (ksi) 
Ft’ = applicable adjusted tension design value (ksi) 
Fc’ = applicable adjusted compression parallel to grain design value (ksi) 
Fc⟂’ = applicable adjusted compression perpendicular to grain design value 
(ksi) 
F = reference design values Fb, Fv, Ft, Fc, or Fc⟂ specified in Tables 5A 
through 5D of 2018 NDS (ksi) 
E’ = adjusted modulus of elasticity (ksi) 
E = reference modulus of elasticity specified Tables 5A through 5D of 2018 
NDS (ksi) 
Emin’ = adjusted minimum modulus of elasticity (ksi) 
Emin = reference minimum modulus of elasticity specified Tables 5A 
through 5D of 2018 NDS (ksi) 
CM = wet service factor specified in Tables 5A through 5D 
Ct = temperature factor specified in Article 2.3.3 
CL = beam stability factor specified in Article 3.3.3, not to be applied 
simultaneously with the volume factor, CV, so use the lesser 
CV = volume factor specified in Article 5.3.6 
Cfu = flat-use factor specified in Tables 5A through 5D or Article 5.3.7 
Cc = curvature factor specified in Article 5.3.8 
CI = stress interaction factor specified in Article 5.3.9 
Cvr = shear reduction factor specified in Article 5.3.10 
CP = column stability factor specified in Article 3.7 
Cb = bearing area factor specified in Article 3.10.4 
KF = format conversion factor specified in Table 5.3.1 
φ = resistance factor specified in Table 5.3.1 




Moment capacity, from Article M3.3 of 2018 Manual for Engineered Wood Construction: 
 𝑀′ = 𝐹𝑏′𝑆 Eq. D-29 
Where: M’ = adjusted moment capacity (k-in.) 
Fb’ = adjusted design value in flexure (ksi) 
S = section modulus (in.3) 
 




 Eq. D-30 
Where: V’ = adjusted shear resistance (k) 
Fv’ = adjusted design value in shear (ksi) 
A = cross-section area (in.2) 
 
Compression parallel to grain capacity, from Article M3.6 of 2018 Manual for Engineered 
Wood Construction: 
𝑃′ = 𝐹𝑐′𝐴 Eq. D-31 
Where: P’ = adjusted compression resistance (k) 
Fc’ = adjusted design value in compression parallel to grain (ksi) 
A = cross-sectional area (in.2) 
 
Compression perpendicular to grain capacity, from Article 3.10 of 2018 NDS: 
𝑃′ = 𝐹𝑐⊥′𝐴𝑏 Eq. D-32 
Where: P’ = adjusted compression resistance (k) 
Fc⟂’ = adjusted design value in compression perpendicular to grain (ksi) 
Ab = bearing area (in.
2) 
 
Tensile capacity, from Article 8.9 of 2018 NDS: 
𝑃′ = 𝐹𝑡′𝐴𝑛 Eq. D-33 
Where: P’ = adjusted tension resistance (k) 
Ft’ = adjusted design value in tension (ksi) 





Strength and Capacity Calculations for Upper Rail: 
General Rail Details: 
 Depth = 10 ¾ in. 
 Height = 13 ½ in. 
 Length = 8 ft (distance from post to post, considered unbraced length) 
 Glulam Combination: Comb. 2 – DF 
 Fb0 = Fb = 1,800 psi 
 Fv0 = Fv = 230 psi 
 Ft0 = Ft = 1,250 psi 
 Fc0 = Fc = 1,950 psi 
 Fcp0 = Fc⟂ = 560 psi 
 E0 = E = 1,600,000 psi 
 Emin = 850,000 psi 
 
AASHTO LRFD Factors: 
CKF, Format Conversion Factor: 
Code: Utilize 2.50/φ for all strength states other than compression perpendicular to 
the grain, in which 2.10/φ should be used. 
Values Utilized:  
 For Fb, Fv, Ft, and Fc: CKF = 2.50 
 For Fcp: CKF = 2.10 
Reasoning: According to Article 8.5.3, the resistance factor, φ, should be taken as 
1.00 for extreme event limit states, and under Article 3.4.1, the Extreme Event II 
limit state includes collision by vehicles. 
CM, Wet Service Factor: 
Code: Utilize 1.00 for glulam timber with an in-service moisture content of 16% or 
less, otherwise refer to Table 8.4.4.3-2. 
Values Utilized:  




Reasoning: Based on the contents of Chapter 13 in the Wood Handbook, 
specifically Table 13-1, which includes data for average moisture contents of wood 
in outdoor conditions for many cities across the U.S., and Table 13-2, which is 
recommended moisture contents for wood products at time of installation, it was 
found that typical conditions would not cause members of the bridge railing system 
to have a moisture content above 16% [82]. The research team recognized that some 
places across the U.S. have average moisture contents above 16% for some portion 
of the year, but when looking at the entire U.S., the number of locations are 
relatively few and the conditions only persist for one to two months of the year, 
other than in Alaska. For this reason, it was deemed appropriate and justified to use 
1.00 for the wet service factors and not further decrease strength by using the lower 
factors.  
CF, Size Factor: 
Code: Does not apply to glulam. 
CV, Volume Factor: 
Code: For glulam with loads applied perpendicular to the wide face of the 
laminations and the depth, width, or length of the member exceeds 12.0 in., 5.125 
in., or 21.0 ft, respectively, the following equation shall be used to determine the 













 Where: d = depth of member (in.) 
   b = width of the component, height for this member (in.) 
   L = length of the component (ft) 




Value Utilized:  
 For Fb: Not Applicable 
Reasoning: This factor is not applicable to this rail due to loads being applied 
parallel to the wide face of laminations. 
Cfu, Flat-Use Factor: 
Code: For glulam with loads applied parallel to the wide face of the laminations, 
refer to Table 8.4.4.6-2. 
Value Utilized:  
 For Fb: Cfu = 1.01 
Reasoning: From Table 8.4.4.6-2, for a member with the dimension parallel to the 
wide faces of the laminations being 10 ¾ in., Cfu should be taken as 1.01. 
Ci, Incising Factor: 
Code: For incised members, refer to Table 8.4.4.7-1. 
Values Utilized:  
 For Fb, Fv, Ft, Fc, Fcp, and E: Not Applicable 
Reasoning: The member was determined to not be incised. 
Cd, Deck Factor: 
Code: Only applies to certain types of decking. Does not apply to beams. 
Cλ, Time Effect Factor: 
Code: Based on the appropriate strength limit state, refer to Table 8.4.4.9-1. 
Values Utilized:  




Reasoning: Table 8.4.4.9-1 does not include information for Extreme Event II, but 
based on Strength II, III, and Extreme Event I using a value of 1.00 for the time 
effect factor, 1.00 was utilized for this situation as well. 
 
AASHTO LRFD Calculations 
𝐹𝑏 = 𝐹𝑏0𝐶𝐾𝐹𝐶𝑀(𝐶𝐹 𝑜𝑟 𝐶𝑣)𝐶𝑓𝑢𝐶𝑖𝐶𝑑𝐶𝜆𝜁 = (1,800 𝑝𝑠𝑖)(2.50)(1.00)(1.01)(1.00)(1.33)
= 6,044.85 𝑝𝑠𝑖 
𝐹𝑣 = 𝐹𝑣0𝐶𝐾𝐹𝐶𝑀𝐶𝑖𝐶𝜆 = (230 𝑝𝑠𝑖)(2.50)(1.00)(1.00) = 575.00 𝑝𝑠𝑖 
𝐹𝑡 = 𝐹𝑡0𝐶𝐾𝐹𝐶𝑀𝐶𝐹𝐶𝑖𝐶𝜆 = (1,250 𝑝𝑠𝑖)(2.50)(1.00)(1.00) = 3,125.00 𝑝𝑠𝑖 
𝐹𝑐 = 𝐹𝑐0𝐶𝐾𝐹𝐶𝑀𝐶𝐹𝐶𝑖𝐶𝜆 = (1,950 𝑝𝑠𝑖)(2.50)(1.00)(1.00) = 4,875.00 𝑝𝑠𝑖 
𝐹𝑐𝑝 = 𝐹𝑐𝑝0𝐶𝐾𝐹𝐶𝑀𝐶𝑖𝐶𝜆 = (560 𝑝𝑠𝑖)(2.10)(1.00)(1.00) = 1,176.00 𝑝𝑠𝑖 
𝐸 = 𝐸0𝐶𝑀𝐶𝑖 = (1,600,000 𝑝𝑠𝑖)(1.00)(1.00) = 1,600,000 𝑝𝑠𝑖 
Moment capacity: 
𝑀𝑟 = 𝜑𝑀𝑛 = 𝜑𝐹𝑏𝑆𝐶𝐿 = (1.00)(6,044.85 𝑝𝑠𝑖)(260.02 𝑖𝑛.
3 )(0.998)

































= 8.93) ≤ 14.3, 𝑡ℎ𝑢𝑠 𝐿𝑒 = 1.63𝐿𝑢 + 3𝑑




≤ 50) = (√
(188.73 𝑖𝑛. )(10.75 𝑖𝑛. )
(13.5)2
≤ 50)
























(575.00 𝑝𝑠𝑖)(13.5 𝑖𝑛. )(10.75 𝑖𝑛. )
1.5
= 55.63 𝑘 
Compression parallel to grain capacity: 






























(0.76)(1,600,000 𝑝𝑠𝑖)(10.75 𝑖𝑛. )2
(96 𝑖𝑛. )2




≤ 1.00) = (
15,247.83 𝑝𝑠𝑖
4,875.00 𝑝𝑠𝑖
≤ 1.00) = 1.00 
 
Compression perpendicular to grain capacity: 
𝑃𝑟 = 𝜑𝑃𝑛 = 𝜑𝐹𝑐𝑝𝐴𝑏𝐶𝑏 = (1.00)(1,176 𝑝𝑠𝑖)(8.75 𝑖𝑛.∗ 10.5 𝑖𝑛. )(1.00) = 108.05 𝑘 
Area of bearing assumed to be the portion of the rail that is in contact with the front 
face of the post, an area that is 8.75-in. wide and 10.5-in. tall. This bearing length 
utilizes a bearing factor of 1.00. 
Tensile capacity: 
𝑃𝑟 = 𝜑𝑃𝑛 = 𝜑𝐹𝑡𝐴𝑛 = (1.00)(3,125.00 𝑝𝑠𝑖)(10.75 𝑖𝑛.∗ 13.5 𝑖𝑛. −2 ∗ 10.75 𝑖𝑛.∗ 1 𝑖𝑛. )
= 386.33 𝑘 
This calculation assumed a cross-section containing two horizontal bolt holes that 




2018 NDS Factors 
CM, Wet Service Factor: 
Code: Utilize 1.00 for glulam timber with an in-service moisture content of 16% or 
less, otherwise refer to Table 5B. 
Values Utilized:  
 For Fb’, Fv’, Ft’, Fc’, Fc⟂’, and E’: CM = 1.00 
Reasoning: Based on the contents of Chapter 13 in the Wood Handbook, 
specifically Table 13-1, which includes data for average moisture contents of wood 
in outdoor conditions for many cities across the U.S., and Table 13-2, which is 
recommended moisture contents for wood products at time of installation, it was 
found that typical conditions would not cause members of the bridge railing system 
to have a moisture content above 16% [82]. The research team recognizes that some 
places do have average moisture contents above 16% for some portion of the year, 
but when looking at the entire U.S., the number of locations are relatively few and 
the conditions only persist for one to two months of the year, other than in Alaska. 
For this reason, we decided that it was justified to use 1.00 for the wet service 
factors and not decrease strength by using the lower factors.  
Ct, Temperature Factor: 
Code: Refer to Table 2.3.3, which states a value of 1.00 is to be used when sustained 
temperatures are consistently less than 100˚F. 
Values Utilized:  




Reasoning: Typical temperatures in most of the U.S. would be expected to be less 
than 100˚F during majority of the year.  
CL, Beam Stability Factor: 
Code: Refer to Article 3.3.3, where when the depth of a bending member does not 
exceed its breadth, CL = 1.00. 
Value Utilized:  
 For Fb’: CL = 1.00 
Reasoning: The depth of the member is 10 ¾ in. and the breadth is 13 ½ in., 
therefore it satisfies the criteria in Article 3.3.3, as written above. 
CV, Volume Factor: 
Code: For glulam with loads applied perpendicular to the wide face of the 
laminations and the depth, width, or length of the member exceeds 12.0 in., 5.125 
in., or 21.0 ft, respectively, the following equation shall be used to determine the 




















 Where: L = length of the component (ft) 
d = depth of member (in.) 
   b = width of the component, height for this member (in.) 
   x = 20 for SYP or 10 for all other species. 
 
Value Utilized:  
 For Fb’: Not Applicable 
Reasoning: This factor is not applicable to this rail due to loads being applied 





Cfu, Flat-Use Factor: 
Code: For glulam with loads applied parallel to the wide face of the laminations, 
refer to Table 5B. 
Value Utilized:  
 For Fb’: Cfu = 1.01 
Reasoning: From Table 5B, for a member with the dimension parallel to the wide 
faces of the laminations being 10 ¾ in., Cfu should be taken as 1.01. 
Cc, Curvature Factor: 
Code: For curved members, refer to Article 5.3.8. 
Value Utilized:  
 For Fb’: Not Applicable 
Reasoning: The member does not have any curvature. 
CI, Stress Interaction Factor: 
Code: For tapered members, refer to Article 5.3.9. 
Value Utilized:  
 For Fb’: Not Applicable 
Reasoning: The member is not tapered. 
Cvr, Shear Reduction Factor: 
Code: For members subjected to impact loading, use a factor of 0.72. 
Value Utilized:  
 For Fv’: Cvr = 0.72 





CP, Column Stability Factor: 
Code: For members loaded in axial compression, CP shall be determined as follows: 
𝐶𝑝 = (

























≤ 1.00) = (0.94 ≤ 1.00) 
𝐸𝑚𝑖𝑛
′ = 𝐸𝑚𝑖𝑛𝐶𝑀𝐶𝑡𝐾𝐹𝜑 = (850,000 𝑝𝑠𝑖)(1.00)(1.00)(1.76)(0.85)






(96 𝑖𝑛. 10.75 𝑖𝑛.⁄ )2
= 13,106.80 𝑝𝑠𝑖 
 
𝐹𝑐
∗ = 𝐹𝑐𝐶𝑀𝐶𝑡𝐾𝐹𝜑𝜆 = (1,950 𝑝𝑠𝑖)(1.00)(1.00)(2.40)(0.90)(1.25)
= 5,265.00 𝑝𝑠𝑖 
𝑐 = 0.9 𝑓𝑜𝑟 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑔𝑙𝑢𝑙𝑎𝑚. 
 
Value Utilized:  
 For Fc’: Cp = 0.94 
Reasoning: Following the calculations above, the value of the column stability 
factor was determined to be 0.94 for this scenario. 
Cb, Bearing Area Factor: 
Code: Refer to Table C-2, or Table 3.10.4 in 2018 NDS. 
Table D-2. 2018 NDS Bearing Adjustment Factors 
Length of Bearing Measured along the Grain (in.) 
Cb 
0.5 1.0 1.5 2.0 3.0 4.0 ≥6.0 
1.75 1.38 1.25 1.19 1.13 1.10 1.00 
 
Value Utilized:  




Reasoning: The bearing length from the upper rail being in contact with the post 
would be 8 ¾ in., equal to the width of the posts. This length corresponds to a 
bearing area factor of 1.00. 
KF, Format Conversion Factor: 
Code: Refer to the values in Table 5.3.1. 
Values Utilized:  
 For Fb’: KF = 2.54 
For Fv’: KF = 2.88 
For Ft’: KF = 2.70 
For Fc’: KF = 2.40 
For Fc⟂’: KF = 1.67 
For Emin’: KF = 1.76 
Reasoning: The values taken for the format conversion were taken directly from 
Table 5.3.1. 
φ, Resistance Factor: 
Code: Refer to the values in Table 5.3.1. 
Values Utilized:  
For Fb’: φ = 0.85 
For Fv’: φ = 0.75 
For Ft’: φ = 0.80 
For Fc’: φ = 0.90 
For Fc⟂’: φ = 0.90 




Reasoning: The values taken for the format conversion were taken directly from 
Table 5.3.1. 
λ, Time Effect Factor: 
Code: Based on the appropriate load combination, refer to Appendix N.3.3 and 
Table N3. 
Values Utilized:  
 For Fb’, Fv’, Ft’, and Fc’: λ = 1.25 
Reasoning: Table N3 states that a factor of 1.25 should be used when live loading 
is from impact, as is the case for this beam. 
 




= 6,525.42 𝑝𝑠𝑖 
𝐹𝑣
′ = 𝐹𝑣𝐶𝑀𝐶𝑡𝐶𝑣𝑟𝐾𝐹𝜑𝜆 = (230 𝑝𝑠𝑖)(1.00)(1.00)(0.72)(2.88)(0.75)(1.25)
= 447.12 𝑝𝑠𝑖 
𝐹𝑡
′ = 𝐹𝑡𝐶𝑀𝐶𝑡𝐾𝐹𝜑𝜆 = (1,250 𝑝𝑠𝑖)(1.00)(1.00)(2.70)(0.80)(1.25) = 3,375.00 𝑝𝑠𝑖 
𝐹𝑐
′ = 𝐹𝑐𝐶𝑀𝐶𝑡𝐶𝑃𝐾𝐹𝜑𝜆 = (1,950 𝑝𝑠𝑖)(1.00)(1.00)(0.94)(2.40)(0.90)(1.25)
= 4,962.61 𝑝𝑠𝑖 
𝐹𝑐⊥
′ = 𝐹𝑐⊥𝐶𝑀𝐶𝑡𝐶𝑏𝐾𝐹𝜑 = (560 𝑝𝑠𝑖)(1.00)(1.00)(1.00)(1.67)(0.90) = 841.68 𝑝𝑠𝑖 
𝐸′ = 𝐸𝐶𝑀𝐶𝑡 = (1,600,000 𝑝𝑠𝑖)(1.00)(1.00) = 1,600,000 𝑝𝑠𝑖 
𝐸𝑚𝑖𝑛
′ = 𝐸𝑚𝑖𝑛𝐶𝑀𝐶𝑡𝐾𝐹𝜑 = (850,000 𝑝𝑠𝑖)(1.00)(1.00)(1.76)(0.85)





 𝑀′ = 𝐹𝑏














2(447.12 𝑝𝑠𝑖)(10.75 𝑖𝑛.∗ 13.5𝑖𝑛. )
3
= 43.26 𝑘 
 
Compression parallel to grain capacity: 
𝑃′ = 𝐹𝑐
′𝐴 = (4,962.61 𝑝𝑠𝑖)(10.75 𝑖𝑛.∗ 13.5 𝑖𝑛. ) = 720.20 𝑘 
 
Compression perpendicular to grain capacity: 
𝑃′ = 𝐹𝑐⊥
′ 𝐴𝑏 = (841.68 𝑝𝑠𝑖)(8.75 𝑖𝑛.∗ 10.5 𝑖𝑛. ) = 77.33 𝑘 
The area of bearing is calculated as the portion of the rail that is in contact with the 
front face of the post, an area that is 8.75-in. wide and 10.5-in. tall.  
Tensile capacity: 
𝑃′ = 𝐹𝑡
′𝐴𝑛 = (3,375.00 𝑝𝑠𝑖)(10.75 𝑖𝑛.∗ 13.5 𝑖𝑛. −2 ∗ 10.75 𝑖𝑛.∗ 1 𝑖𝑛. ) = 417.23 𝑘 
This calculation assumed a cross-section containing two horizontal bolt holes that 










Upper Rail Summary 
Table D-3. Upper Rail Strength and Capacity Summary 
Strength/Capacity AASHTO LRFD 2018 NDS 
Bending Strength (psi) 6,044.85 6,525.42 
Shear Strength (psi) 575.00 447.12 
Tension Strength (psi) 3,125.00 3,375.00 
Comp. Par. Strength (psi) 4,875.00 4,962.61 
Comp. Perp. Strength (psi) 1,176.00 841.68 
Moment Capacity (k-in.) 1,568.64 1,696.71 
Shear Capacity (k) 55.63 43.26 
Comp. Par. Capacity (k) 537.51 720.20 
Comp. Perp. Capacity (k) 108.05 77.33 




Strength and Capacity Calculations for Curb Rail: 
General Rail Details: 
 Depth = 12 in. 
 Height = 8 ¾ in. 
 Length = 8 ft (distance from post to post, considered unbraced length) 
 Glulam Combination: Comb. 1 – DF 
 Fb0 = Fb = 1,250 psi 
 Fv0 = Fv = 265 psi 
 Ft0 = Ft = 950 psi 
 Fc0 = Fc = 1,550 psi 
 Fcp0 = Fc⟂ = 560 psi 
 E0 = E = 1,500,000 psi 
 Emin = 790,000 psi 
 
AASHTO LRFD Factors: 
CKF, Format Conversion Factor: 
Values Utilized:  
 For Fb, Fv, Ft, and Fc: CKF = 2.50 
 For Fcp: CKF = 2.10 
Reasoning: Refer to Factors for Upper Rail. 
CM, Wet Service Factor: 
Values Utilized:  
 For Fb, Fv, Ft, Fc, Fcp, and E: CM = 1.00 
Reasoning: Refer to Factors for Upper Rail. 
CF, Size Factor: 
Code: Does not apply to glulam. 
CV, Volume Factor: 
Code: For glulam with loads applied perpendicular to the wide face of the 




in., or 21.0 ft, respectively, the following equation shall be used to determine the 
























≤ 1.00) = 1.00 
 Where: d = depth of member (in.) 
   b = width of the component, height for this member (in.) 
   L = length of the component (ft) 
   a = 0.05 for SYP or 0.10 for all other species. 
Value Utilized:  
 For Fb: CV = 1.00 
Reasoning: Following the calculations above, the value of the volume factor was 
determined to be 1.00 for this scenario. 
Cfu, Flat-Use Factor: 
Value Utilized:  
 For Fb: Not Applicable 
Reasoning: This member is not loaded parallel to the wide faces of the laminations. 
Ci, Incising Factor: 
Values Utilized:  
 For Fb, Fv, Ft, Fc, Fcp, and E: Not Applicable 
Reasoning: The member was determined to not be incised. 
Cd, Deck Factor: 






Cλ, Time Effect Factor: 
Values Utilized:  
 For Fb, Fv, Ft, Fc, and Fcp: Cλ = 1.00 
Reasoning: Refer to Factors for Upper Rail. 
 
AASHTO LRFD Calculations 
𝐹𝑏 = 𝐹𝑏0𝐶𝐾𝐹𝐶𝑀(𝐶𝐹 𝑜𝑟 𝐶𝑣)𝐶𝑓𝑢𝐶𝑖𝐶𝑑𝐶𝜆𝜁 = (1,250 𝑝𝑠𝑖)(2.50)(1.00)(1.00)(1.00)(1.33)
= 4,156.25 𝑝𝑠𝑖 
𝐹𝑣 = 𝐹𝑣0𝐶𝐾𝐹𝐶𝑀𝐶𝑖𝐶𝜆 = (265 𝑝𝑠𝑖)(2.50)(1.00)(1.00) = 662.50 𝑝𝑠𝑖 
𝐹𝑡 = 𝐹𝑡0𝐶𝐾𝐹𝐶𝑀𝐶𝐹𝐶𝑖𝐶𝜆 = (950 𝑝𝑠𝑖)(2.50)(1.00)(1.00) = 2,375.00 𝑝𝑠𝑖 
𝐹𝑐 = 𝐹𝑐0𝐶𝐾𝐹𝐶𝑀𝐶𝐹𝐶𝑖𝐶𝜆 = (1,550 𝑝𝑠𝑖)(2.50)(1.00)(1.00) = 3,875.00 𝑝𝑠𝑖 
𝐹𝑐𝑝 = 𝐹𝑐𝑝0𝐶𝐾𝐹𝐶𝑀𝐶𝑖𝐶𝜆 = (560 𝑝𝑠𝑖)(2.10)(1.00)(1.00) = 1,176.00 𝑝𝑠𝑖 
𝐸 = 𝐸0𝐶𝑀𝐶𝑖 = (1,500,000 𝑝𝑠𝑖)(1.00)(1.00) = 1,500,000 𝑝𝑠𝑖 
 
Moment capacity: 
𝑀𝑟 = 𝜑𝑀𝑛 = 𝜑𝐹𝑏𝑆𝐶𝐿 = (1.00)(4,156.25 𝑝𝑠𝑖)(210.00 𝑖𝑛.

































= 8.00) ≤ 14.3, 𝑡ℎ𝑢𝑠 𝐿𝑒 = 1.63𝐿𝑢 + 3𝑑




≤ 50) = (√
(192.48 𝑖𝑛. )(12 𝑖𝑛. )
(8.75)2
























(662.50 𝑝𝑠𝑖)(8.75 𝑖𝑛. )(12 𝑖𝑛. )
1.5
= 46.38 𝑘 
Compression parallel to grain capacity: 






























(0.76)(1,500,000 𝑝𝑠𝑖)(12 𝑖𝑛. )2
(96 𝑖𝑛. )2




≤ 1.00) = (
17,812.50 𝑝𝑠𝑖
3,875.00 𝑝𝑠𝑖
≤ 1.00) = 1.00 
 
Compression perpendicular to grain capacity: 
𝑃𝑟 = 𝜑𝑃𝑛 = 𝜑𝐹𝑐𝑝𝐴𝑏𝐶𝑏 = (1.00)(1,176 𝑝𝑠𝑖)(8.75 𝑖𝑛.∗ 8.75 𝑖𝑛. )(1.00) = 90.04 𝑘 
Area of bearing assumed to be the portion of the rail that is in contact with the front 
face of the post, an area that is 8.75-in. wide and 8.75-in. tall. This bearing length 
utilizes a bearing factor of 1.00. 
Tensile capacity: 
𝑃𝑟 = 𝜑𝑃𝑛 = 𝜑𝐹𝑡𝐴𝑛 = (1.00)(3,125.00 𝑝𝑠𝑖)(12 𝑖𝑛.∗ 8.75 𝑖𝑛. −2 ∗ 12 𝑖𝑛.∗ 1 𝑖𝑛. )
= 192.38 𝑘 
This calculation assumed a cross-section containing two horizontal bolt holes that 




2018 NDS Factors 
CM, Wet Service Factor: 
Values Utilized:  
 For Fb’, Fv’, Ft’, Fc’, Fc⟂’, and E’: CM = 1.00 
Reasoning: Refer to Factors for Upper Rail. 
Ct, Temperature Factor: 
Values Utilized:  
 For Fb’, Fv’, Ft’, Fc’, Fc⟂’, and E’: Ct = 1.00 
Reasoning: Refer to Factors for Upper Rail. 
CL, Beam Stability Factor: 
Code: Refer to Article 3.3.3 for scenarios when the depth of a bending member 
exceeds its breadth, CL should be calculated based on the following: 
𝐶𝐿 = (


























= (0.996 ≤ 1.00) 
𝐿𝑒         → 𝑖𝑓 
𝐿𝑢
𝑑
< 7, 𝑡ℎ𝑒𝑛 𝐿𝑒 = 2.06𝐿𝑢 
→ 𝑖𝑓 7 ≤
𝐿𝑢
𝑑














≤ 50) = (√
(192.48 𝑖𝑛. )(12 𝑖𝑛. )
(8.75)2





′ = 𝐸𝑚𝑖𝑛𝐶𝑀𝐶𝑡𝐾𝐹𝜑 = (790,000 𝑝𝑠𝑖)(1.00)(1.00)(1.76)(0.85)













= 3,373.44 𝑝𝑠𝑖 
Value Utilized:  
 For Fb’: CL = 0.996 
Reasoning: Following the calculations above, the value of the beam stability factor 
was determined to be 0.996 for this scenario. 
CV, Volume Factor: 
Code: For glulam with loads applied perpendicular to the wide face of the 
laminations and the depth, width, or length of the member exceeds 12.0 in., 5.125 
in., or 21.0 ft, respectively, the following equation shall be used to determine the 






































≤ 1.00) = 1.00 
 Where: L = length of the component (ft) 
d = depth of member (in.) 
   b = width of the component, height for this member (in.) 






Value Utilized:  
 For Fb’: CV = 1.00 
Reasoning: Following the calculations above, the value of the volume factor was 
determined to be 1.00 for this scenario. 
Cfu, Flat-Use Factor: 
Value Utilized:  
 For Fb’: Not Applicable 
Reasoning: This member is not loaded parallel to the wide faces of the laminations. 
Cc, Curvature Factor: 
Value Utilized:  
 For Fb’: Not Applicable 
Reasoning: The member does not have any curvature. 
CI, Stress Interaction Factor: 
Value Utilized:  
 For Fb’: Not Applicable 
Reasoning: The member is not tapered. 
Cvr, Shear Reduction Factor: 
Value Utilized:  
 For Fv’: Cvr = 0.72 
Reasoning: The member is to be subjected to impact loading. 
CP, Column Stability Factor: 






























≤ 1.00) = (0.97 ≤ 1.00) 
𝐸𝑚𝑖𝑛
′ = 𝐸𝑚𝑖𝑛𝐶𝑀𝐶𝑡𝐾𝐹𝜑 = (790,000 𝑝𝑠𝑖)(1.00)(1.00)(1.76)(0.85)






(96 𝑖𝑛. 12 𝑖𝑛.⁄ )2
= 15,179.26 𝑝𝑠𝑖 
 
𝐹𝑐
∗ = 𝐹𝑐𝐶𝑀𝐶𝑡𝐾𝐹𝜑𝜆 = (1,550 𝑝𝑠𝑖)(1.00)(1.00)(2.40)(0.90)(1.25)
= 4,185.00 𝑝𝑠𝑖 
𝑐 = 0.9 𝑓𝑜𝑟 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑔𝑙𝑢𝑙𝑎𝑚. 
 
Value Utilized:  
 For Fc’: Cp = 0.97 
Reasoning: Following the calculations above, the value of the column stability 
factor was determined to be 0.97 for this scenario. 
Cb, Bearing Area Factor: 
Value Utilized:  
 For Fc⟂’: Cb = 1.00 
Reasoning: Refer to Factors for Upper Rail. 
KF, Format Conversion Factor: 
Values Utilized:  
 For Fb’: KF = 2.54 
For Fv’: KF = 2.88 




For Fc’: KF = 2.40 
For Fc⟂’: KF = 1.67 
For Emin’: KF = 1.76 
Reasoning: Refer to Factors for Upper Rail. 
φ, Resistance Factor: 
Values Utilized:  
For Fb’: φ = 0.85 
For Fv’: φ = 0.75 
For Ft’: φ = 0.80 
For Fc’: φ = 0.90 
For Fc⟂’: φ = 0.90 
For Emin’: φ = 0.85 
Reasoning: Refer to Factors for Upper Rail. 
λ, Time Effect Factor: 
Values Utilized:  
 For Fb’, Fv’, Ft’, and Fc’: λ= 1.25 
Reasoning: Refer to Factors for Upper Rail. 
 









′ = 𝐹𝑣𝐶𝑀𝐶𝑡𝐶𝑣𝑟𝐾𝐹𝜑𝜆 = (265 𝑝𝑠𝑖)(1.00)(1.00)(0.72)(2.88)(0.75)(1.25)
= 515.16 𝑝𝑠𝑖 
𝐹𝑡
′ = 𝐹𝑡𝐶𝑀𝐶𝑡𝐾𝐹𝜑𝜆 = (950 𝑝𝑠𝑖)(1.00)(1.00)(2.70)(0.80)(1.25) = 2,565.00 𝑝𝑠𝑖 
𝐹𝑐
′ = 𝐹𝑐𝐶𝑀𝐶𝑡𝐶𝑃𝐾𝐹𝜑𝜆 = (1,550 𝑝𝑠𝑖)(1.00)(1.00)(0.97)(2.40)(0.90)(1.25)
= 4,038.60 𝑝𝑠𝑖 
𝐹𝑐⊥
′ = 𝐹𝑐⊥𝐶𝑀𝐶𝑡𝐶𝑏𝐾𝐹𝜑 = (560 𝑝𝑠𝑖)(1.00)(1.00)(1.00)(1.67)(0.90) = 841.68 𝑝𝑠𝑖 
𝐸′ = 𝐸𝐶𝑀𝐶𝑡 = (1,500,000 𝑝𝑠𝑖)(1.00)(1.00) = 1,500,000 𝑝𝑠𝑖 
𝐸𝑚𝑖𝑛
′ = 𝐸𝑚𝑖𝑛𝐶𝑀𝐶𝑡𝐾𝐹𝜑 = (790,000 𝑝𝑠𝑖)(1.00)(1.00)(1.76)(0.85)
= 1,181,840.00 𝑝𝑠𝑖 
Moment capacity: 
 𝑀′ = 𝐹𝑏













2(515.16 𝑝𝑠𝑖)(12 𝑖𝑛.∗ 8.75𝑖𝑛. )
3
= 36.06 𝑘 
Compression parallel to grain capacity: 
𝑃′ = 𝐹𝑐
′𝐴 = (4,038.60 𝑝𝑠𝑖)(12 𝑖𝑛.∗ 8.75 𝑖𝑛. ) = 424.05 𝑘 
Compression perpendicular to grain capacity: 
𝑃′ = 𝐹𝑐⊥
′ 𝐴𝑏 = (841.68 𝑝𝑠𝑖)(8.75 𝑖𝑛.∗ 8.75 𝑖𝑛. ) = 64.44 𝑘 
The area of bearing is calculated as the portion of the rail that is in contact with the 








′𝐴𝑛 = (2,565.00 𝑝𝑠𝑖)(12 𝑖𝑛.∗ 8.75 𝑖𝑛. −2 ∗ 12𝑖𝑛.∗ 1 𝑖𝑛. ) = 207.77 𝑘 
This calculation assumed a cross-section containing two horizontal bolt holes that 
are each 1 in. in diameter, as could be the case at a post location. 
 
Curb Rail Summary 
Table D-4. Curb Rail Strength and Capacity Summary 
Strength/Capacity AASHTO LRFD 2018 NDS 
Bending Strength (psi) 4,156.25 4,469.47 
Shear Strength (psi) 662.50 515.16 
Tension Strength (psi) 2,375.00 2,565.00 
Comp. Par. Strength (psi) 3,875.00 4,038.60 
Comp. Perp. Strength (psi) 1,176.00 841.68 
Moment Capacity (k-in.) 869.25 938.59 
Shear Capacity (k) 46.38 36.06 
Comp. Par. Capacity (k) 309.12 424.05 
Comp. Perp. Capacity (k) 90.04 64.44 




Strength and Capacity Calculations for Posts: 
General Rail Details: 
For Loading Perpendicular to the Wide Face of Laminations, or Along the B-axis 
Depth = 10½ in. 
 Width = 8¾ in. 
 Length = 3 ft – 1⅛ in. 
 Glulam Combination: Comb. 2 – DF 
 Fb0 = Fb = 1700 psi 
 Fv0 = Fv = 265 psi 
 Ft0 = Ft = 1,250 psi 
 Fc0 = Fc = 1,950 psi 
 Fcp0 = Fc⟂ = 560 psi 
 E0 = E = 1,600,000 psi 
 Emin = 850,000 psi 
 
AASHTO LRFD Factors: 
CKF, Format Conversion Factor: 
Values Utilized:  
 For Fb, Fv, Ft, and Fc: CKF = 2.50 
 For Fcp: CKF = 2.10 
Reasoning: Refer to Factors for Upper Rail. 
CM, Wet Service Factor: 
Values Utilized:  
 For Fb, Fv, Ft, Fc, Fcp, and E: CM = 1.00 
Reasoning: Refer to Factors for Upper Rail. 
CF, Size Factor: 
Code: Does not apply to glulam. 
CV, Volume Factor: 
Code: For glulam with loads applied perpendicular to the wide face of the 




in., or 21.0 ft, respectively, the following equation shall be used to determine the 
























≤ 1.00) = 1.00 
 Where: d = depth of member (in.) 
   b = width of the component, height for this member (in.) 
   L = length of the component (ft) 
   a = 0.05 for SYP or 0.10 for all other species. 
Value Utilized:  
 For Fb: CV = 1.00 
Reasoning: Following the calculations above, the value of the volume factor was 
determined to be 1.00 for this scenario. 
Cfu, Flat-Use Factor: 
Value Utilized:  
 For Fb: Not Applicable 
Reasoning: This member is not loaded parallel to the wide faces of the laminations. 
Ci, Incising Factor: 
Values Utilized:  
 For Fb, Fv, Ft, Fc, Fcp, and E: Not Applicable 
Reasoning: The member was determined to not be incised. 
Cd, Deck Factor: 






Cλ, Time Effect Factor: 
Values Utilized:  
 For Fb, Fv, Ft, Fc, and Fcp: Cλ = 1.00 
Reasoning: Refer to Factors for Upper Rail. 
 
AASHTO LRFD Calculations 
𝐹𝑏 = 𝐹𝑏0𝐶𝐾𝐹𝐶𝑀(𝐶𝐹 𝑜𝑟 𝐶𝑣)𝐶𝑓𝑢𝐶𝑖𝐶𝑑𝐶𝜆𝜁 = (1,700 𝑝𝑠𝑖)(2.50)(1.00)(1.00)(1.00)(1.33)
= 5,652.50 𝑝𝑠𝑖 
𝐹𝑣 = 𝐹𝑣0𝐶𝐾𝐹𝐶𝑀𝐶𝑖𝐶𝜆 = (265 𝑝𝑠𝑖)(2.50)(1.00)(1.00) = 662.50 𝑝𝑠𝑖 
𝐹𝑡 = 𝐹𝑡0𝐶𝐾𝐹𝐶𝑀𝐶𝐹𝐶𝑖𝐶𝜆 = (1,250 𝑝𝑠𝑖)(2.50)(1.00)(1.00) = 3,125.00 𝑝𝑠𝑖 
𝐹𝑐 = 𝐹𝑐0𝐶𝐾𝐹𝐶𝑀𝐶𝐹𝐶𝑖𝐶𝜆 = (1,950 𝑝𝑠𝑖)(2.50)(1.00)(1.00) = 4,875.00 𝑝𝑠𝑖 
𝐹𝑐𝑝 = 𝐹𝑐𝑝0𝐶𝐾𝐹𝐶𝑀𝐶𝑖𝐶𝜆 = (560 𝑝𝑠𝑖)(2.10)(1.00)(1.00) = 1,176.00 𝑝𝑠𝑖 
𝐸 = 𝐸0𝐶𝑀𝐶𝑖 = (1,600,000 𝑝𝑠𝑖)(1.00)(1.00) = 1,600,000 𝑝𝑠𝑖 
 
Moment capacity: 
𝑀𝑟 = 𝜑𝑀𝑛 = 𝜑𝐹𝑏𝑆𝐶𝐿 = (1.00)(5,652.50 𝑝𝑠𝑖)(160.78 𝑖𝑛.

































= 8.00) < 7, 𝑡ℎ𝑢𝑠 𝐿𝑒 = 2.06𝐿𝑢




≤ 50) = (√
(76.48 𝑖𝑛. )(10.5 𝑖𝑛. )
(8.75)2
























(662.50 𝑝𝑠𝑖)(8.75 𝑖𝑛. )(10.5 𝑖𝑛. )
1.5
= 40.58 𝑘 
Compression parallel to grain capacity: 






























(0.76)(1,600,000 𝑝𝑠𝑖)(10.5 𝑖𝑛. )2
(37.125 𝑖𝑛. )2




≤ 1.00) = (
97,270.07 𝑝𝑠𝑖
4,875.00 𝑝𝑠𝑖
≤ 1.00) = 1.00 
 
Compression perpendicular to grain capacity: 
𝑃𝑟 = 𝜑𝑃𝑛 = 𝜑𝐹𝑐𝑝𝐴𝑏𝐶𝑏 = (1.00)(1,176 𝑝𝑠𝑖)(8.75 𝑖𝑛.∗ 10.5 𝑖𝑛. )(1.00) = 108.05 𝑘 
Area of bearing assumed to be the portion of the post that is in contact with the back 
face of the rail, an area that is 8.75-in. wide and 10.5-in. tall. This bearing length 
utilizes a bearing factor of 1.00. 
Tensile capacity: 
𝑃𝑟 = 𝜑𝑃𝑛 = 𝜑𝐹𝑡𝐴𝑛 = (1.00)(3,125.00 𝑝𝑠𝑖)(10.5 𝑖𝑛.∗ 8.75 𝑖𝑛. −2 ∗ 10.5 𝑖𝑛.∗ 1 𝑖𝑛. )
= 221.48 𝑘 
This calculation assumed a cross-section containing two horizontal bolt holes that 




2018 NDS Factors 
CM, Wet Service Factor: 
Values Utilized:  
 For Fb’, Fv’, Ft’, Fc’, Fc⟂’, and E’: CM = 1.00 
Reasoning: Refer to Factors for Upper Rail. 
Ct, Temperature Factor: 
Values Utilized:  
 For Fb’, Fv’, Ft’, Fc’, Fc⟂’, and E’: Ct = 1.00 
Reasoning: Refer to Factors for Upper Rail. 
CL, Beam Stability Factor: 
Code: Refer to Article 3.3.3 for scenarios when the depth of a bending member 
exceeds its breadth, CL should be calculated based on the following: 
𝐶𝐿 = (


























= (0.998 ≤ 1.00) 
𝐿𝑒         → 𝑖𝑓 
𝐿𝑢
𝑑
< 7, 𝑡ℎ𝑒𝑛 𝐿𝑒 = 2.06𝐿𝑢 
→ 𝑖𝑓 7 ≤
𝐿𝑢
𝑑














≤ 50) = (√
(76.48 𝑖𝑛. )(10.5 𝑖𝑛. )
(8.75)2





′ = 𝐸𝑚𝑖𝑛𝐶𝑀𝐶𝑡𝐾𝐹𝜑 = (850,000 𝑝𝑠𝑖)(1.00)(1.00)(1.76)(0.85)













= 4,587.88 𝑝𝑠𝑖 
Value Utilized:  
 For Fb’: CL = 0.998 
Reasoning: Following the calculations above, the value of the beam stability factor 
was determined to be 0.998 for this scenario. 
CV, Volume Factor: 
Code: For glulam with loads applied perpendicular to the wide face of the 
laminations and the depth, width, or length of the member exceeds 12.0 in., 5.125 
in., or 21.0 ft, respectively, the following equation shall be used to determine the 






































≤ 1.00) = 1.00 
 Where: L = length of the component (ft) 
d = depth of member (in.) 
   b = width of the component, height for this member (in.) 






Value Utilized:  
 For Fb’: CV = 1.00 
Reasoning: Following the calculations above, the value of the volume factor was 
determined to be 1.00 for this scenario. 
Cfu, Flat-Use Factor: 
Value Utilized:  
 For Fb’: Not Applicable 
Reasoning: This member is not loaded parallel to the wide faces of the laminations. 
Cc, Curvature Factor: 
Value Utilized:  
 For Fb’: Not Applicable 
Reasoning: The member does not have any curvature. 
CI, Stress Interaction Factor: 
Value Utilized:  
 For Fb’: Not Applicable 
Reasoning: The member is not tapered. 
Cvr, Shear Reduction Factor: 
Value Utilized:  
 For Fv’: Cvr = 0.72 
Reasoning: The member is to be subjected to impact loading. 
CP, Column Stability Factor: 































= (0.99 ≤ 1.00) 
𝐸𝑚𝑖𝑛
′ = 𝐸𝑚𝑖𝑛𝐶𝑀𝐶𝑡𝐾𝐹𝜑 = (850,000 𝑝𝑠𝑖)(1.00)(1.00)(1.76)(0.85)






(37.125 𝑖𝑛. 10.5 𝑖𝑛.⁄ )2
= 83,611.88 𝑝𝑠𝑖 
 
𝐹𝑐
∗ = 𝐹𝑐𝐶𝑀𝐶𝑡𝐾𝐹𝜑𝜆 = (1,950 𝑝𝑠𝑖)(1.00)(1.00)(2.40)(0.90)(1.25)
= 5,625.00 𝑝𝑠𝑖 
𝑐 = 0.9 𝑓𝑜𝑟 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑔𝑙𝑢𝑙𝑎𝑚. 
 
Value Utilized:  
 For Fc’: Cp = 0.99 
Reasoning: Following the calculations above, the value of the column stability 
factor was determined to be 0.99 for this scenario. 
Cb, Bearing Area Factor: 
Value Utilized:  
 For Fc⟂’: Cb = 1.00 
Reasoning: Refer to Factors for Upper Rail. 
KF, Format Conversion Factor: 
Values Utilized:  
 For Fb’: KF = 2.54 
For Fv’: KF = 2.88 




For Fc’: KF = 2.40 
For Fc⟂’: KF = 1.67 
For Emin’: KF = 1.76 
Reasoning: Refer to Factors for Upper Rail. 
φ, Resistance Factor: 
Values Utilized:  
For Fb’: φ = 0.85 
For Fv’: φ = 0.75 
For Ft’: φ = 0.80 
For Fc’: φ = 0.90 
For Fc⟂’: φ = 0.90 
For Emin’: φ = 0.85 
Reasoning: Refer to Factors for Upper Rail. 
λ, Time Effect Factor: 
Values Utilized:  
 For Fb’, Fv’, Ft’, and Fc’: λ= 1.25 
Reasoning: Refer to Factors for Upper Rail. 
 









′ = 𝐹𝑣𝐶𝑀𝐶𝑡𝐶𝑣𝑟𝐾𝐹𝜑𝜆 = (265 𝑝𝑠𝑖)(1.00)(1.00)(0.72)(2.88)(0.75)(1.25)
= 515.16 𝑝𝑠𝑖 
𝐹𝑡
′ = 𝐹𝑡𝐶𝑀𝐶𝑡𝐾𝐹𝜑𝜆 = (1,250 𝑝𝑠𝑖)(1.00)(1.00)(2.70)(0.80)(1.25) = 3,375.00 𝑝𝑠𝑖 
𝐹𝑐
′ = 𝐹𝑐𝐶𝑀𝐶𝑡𝐶𝑃𝐾𝐹𝜑𝜆 = (1,950 𝑝𝑠𝑖)(1.00)(1.00)(0.99)(2.40)(0.90)(1.25)
= 5,230.10 𝑝𝑠𝑖 
𝐹𝑐⊥
′ = 𝐹𝑐⊥𝐶𝑀𝐶𝑡𝐶𝑏𝐾𝐹𝜑 = (560 𝑝𝑠𝑖)(1.00)(1.00)(1.00)(1.67)(0.90) = 841.68 𝑝𝑠𝑖 
𝐸′ = 𝐸𝐶𝑀𝐶𝑡 = (1,600,000 𝑝𝑠𝑖)(1.00)(1.00) = 1,600,000 𝑝𝑠𝑖 
𝐸𝑚𝑖𝑛
′ = 𝐸𝑚𝑖𝑛𝐶𝑀𝐶𝑡𝐾𝐹𝜑 = (850,000 𝑝𝑠𝑖)(1.00)(1.00)(1.76)(0.85)
= 1,271,600.00 𝑝𝑠𝑖 
Moment capacity: 
 𝑀′ = 𝐹𝑏













2(515.16 𝑝𝑠𝑖)(10.5 𝑖𝑛.∗ 8.75𝑖𝑛. )
3
= 31.55 𝑘 
Compression parallel to grain capacity: 
𝑃′ = 𝐹𝑐
′𝐴 = (5,230.10 𝑝𝑠𝑖)(10.5 𝑖𝑛.∗ 8.75 𝑖𝑛. ) = 480.52 𝑘 
Compression perpendicular to grain capacity: 
𝑃′ = 𝐹𝑐⊥
′ 𝐴𝑏 = (841.68 𝑝𝑠𝑖)(8.75 𝑖𝑛.∗ 10.5 𝑖𝑛. ) = 77.33 𝑘 
The area of bearing is calculated as the portion of the post that is in contact with 








′𝐴𝑛 = (3,375.00 𝑝𝑠𝑖)(10.5 𝑖𝑛.∗ 8.75 𝑖𝑛. −2 ∗ 10.5𝑖𝑛.∗ 1 𝑖𝑛. ) = 239.20 𝑘 
This calculation assumed a cross-section containing two horizontal bolt holes that 
are each 1 in. in diameter. 
 
Post Summary 
Table D-5. Post Strength and Capacity Summary 
Strength/Capacity AASHTO LRFD 2018 NDS 
Bending Strength (psi) 5,652.50 6,091.97 
Shear Strength (psi) 662.50 515.16 
Tension Strength (psi) 3,125.00 3,375.00 
Comp. Par. Strength (psi) 4,875.00 5,230.10 
Comp. Perp. Strength (psi) 1,176.00 841.68 
Moment Capacity (k-in.) 907.24 979.47 
Shear Capacity (k) 40.58 31.55 
Comp. Par. Capacity (k) 340.28 480.52 
Comp. Perp. Capacity (k) 108.05 77.33 

















BARRIER VII 10000S Vehicle Input File 
 
MASH 10000S 
   22046.0  702000.0   20    7    6    0    1 
    1     0.082      0.21       1.5      18.0 
    2     0.063      0.19       2.0      12.0 
    3     0.045      0.17       3.0       4.0 
    4     0.800      0.95       2.5       2.5 
    5     0.900      1.05       3.5       2.0 
    6      0.35      0.25      10.0       3.0 
    7       2.5       3.5       4.5       3.0 
    1     166.0      17.0    1      15.0    1    0    0    0 
    2     166.0      32.0    1      15.0    1    0    0    0 
    3     166.0      47.0    1      17.5    1    0    0    0 
    4     146.0      47.0    1      20.0    1    0    0    0 
    5     126.0      47.0    2      20.0    1    0    0    0 
    6     106.0      47.0    2      20.0    1    0    0    0 
    7      86.0      47.0    2      25.0    1    0    0    0 
    8      56.0      47.0    2    15.375    1    0    0    0 
    9      56.0     47.75    3    22.875    0    0    0    0 
   10      11.0     47.75    4      45.0    0    0    0    0 
   11     -34.0     47.75    5      42.5    0    0    0    0 
   12     -74.0     47.75    5      42.5    0    0    0    0 
   13    -119.0     47.75    5      45.0    0    0    0    0 
   14    -164.0     47.75    5      22.5    0    0    0    0 
   15    -164.0    -47.75    5       1.0    0    0    0    0 
   16      56.0    -47.75    3       1.0    0    0    0    0 
   17      56.0     -47.0    2       1.0    0    0    0    0 
   18     166.0     -47.0    1       1.0    0    0    0    0 
   19     -76.0    42.625    7       1.0    1    0    0    0 
   20     130.0      40.0    6       1.0    1    0    0    0 
    1     130.0      40.0       0.0     3572. 
    2     130.0     -40.0       0.0     3572. 
    3     -76.0    42.625       0.0     3041. 
    4     -76.0   -42.625       0.0     3041. 
    5     -76.0    31.375       0.0     3041. 
    6     -76.0   -31.375       0.0     3041. 
    1       0.0       0.0 












BARRIER VII Input File 
 
NCHRP 350 2000P Impact – Calibrated 350 Bridge Railing System 
  369   13    8    2  396   25    2    0 
    0.0010    0.0010      0.80  200    0       1.0    1 
    1    5    1    5    5    5    1             
    1       0.0       0.0 
    9     600.0       0.0 
   13     675.0       0.0 
   14    699.75       0.0 
   15    699.75       0.0 
   16     724.5       0.0 
   17     724.5       0.0 
   48     916.5       0.0 
   49     916.5       0.0 
  240    1492.5       0.0 
  241    1492.5       0.0 
  368    2260.5       0.0 
  369    2260.5       0.0 
    1    9    7    1       0.0 
    9   13    3    1       0.0 
   16   48   15    2       0.0 
   17   49   15    2       0.0 
   48  240   95    2       0.0 
   49  241   95    2       0.0 
  240  368   63    2       0.0 
  241  369   63    2       0.0 
    1  191      0.48 
  368  366  364  362  360  358  356  354  352  350 
  348  346  344  342  340  338  336  334  332  330 
  328  326  324  322  320  318  316  314  312  310 
  308  306  304  302  300  298  296  294  292  290 
  288  286  284  282  280  278  276  274  272  270 
  268  266  264  262  260  258  256  254  252  250 
  248  246  244  242  240  238  236  234  232  230 
  228  226  224  222  220  218  216  214  212  210 
  208  206  204  202  200  198  196  194  192  190 
  188  186  184  182  180  178  176  174  172  170 
  168  166  164  162  160  158  156  154  152  150 
  148  146  144  142  140  138  136  134  132  130 
  128  126  124  122  120  118  116  114  112  110 
  108  106  104  102  100   98   96   94   92   90 
   88   86   84   82   80   78   76   74   72   70 
   68   66   64   62   60   58   56   54   52   50 
   48   46   44   42   40   38   36   34   32   30 
   28   26   24   22   20   18   16   14   13   12 
   11   10    9    8    7    6    5    4    3    2 
    1 
    2  178      0.48 
  369  367  365  363  361  359  357  355  353  351 
  349  347  345  343  341  339  337  335  333  331 
  329  327  325  323  321  319  317  315  313  311 
  309  307  305  303  301  299  297  295  293  291 
  289  287  285  283  281  279  277  275  273  271 
  269  267  265  263  261  259  257  255  253  251 
  249  247  245  243  241  239  237  235  233  231 




  209  207  205  203  201  199  197  195  193  191 
  189  187  185  183  181  179  177  175  173  171 
  169  167  165  163  161  159  157  155  153  151 
  149  147  145  143  141  139  137  135  133  131 
  129  127  125  123  121  119  117  115  113  111 
  109  107  105  103  101   99   97   95   93   91 
   89   87   85   83   81   79   77   75   73   71 
   69   67   65   63   61   59   57   55   53   51 
   49   47   45   43   41   39   37   35   33   31 
   29   27   25   23   21   19   17   15 
  100   14 
    1      2.29      1.99     75.00   30000.0      6.92      99.5      68.5 0.10 
    2      2.48      2.13     18.75   30000.0      7.41     106.5      73.5 0.10 
    3      2.83      2.41     18.75   30000.0      8.38     120.5      83.5 0.10 
    4      3.17      2.68     18.75   30000.0      9.35     134.0      93.5 0.10 
    5      3.52      2.96     18.75   30000.0     10.32     148.0     103.5 0.10 
    6      3.76      3.10     24.75   30000.0     10.81     155.0     109.5 0.10 
    7     753.7     118.1     24.75    1600.0      28.6     314.5    1070.5 0.10 
    8     753.7     118.1     12.00    1600.0      28.6     314.5    1070.5 0.10 
    9     753.7     118.1      6.00    1600.0      28.6     314.5    1070.5 0.10 
   10     753.7     118.1     12.00    1600.0      28.6     314.5    1070.5 0.10 
   11     972.0      81.0     24.75    1500.0      19.3     135.4     668.5 0.10 
   12     972.0      81.0     12.00    1500.0      19.3     135.4     668.5 0.10 
   13     972.0      81.0      6.00    1500.0      19.3     135.4     668.5 0.10 
   14     972.0      81.0     12.00    1500.0      19.3     135.4     668.5 0.10 
  300    6 
    1      21.0       0.0    5000.0   15000.0     100.0    7500.0    1500.0 0.10 
     300.0     100.0       1.0       1.0 
    2      21.0       0.0      15.0      11.0      50.0     315.0     231.0 0.10 
      18.8      13.8      20.0      20.0 
    3      21.0       0.0      15.0      15.0      77.0     315.0     315.0 0.10 
      18.8      18.8      20.0      20.0 
    4     28.25    10.125      30.6     22.44      67.6     833.1     720.0 0.10 
      55.0      55.0       4.0      10.0 
    5     28.25    10.125    5000.0   15000.0     100.0    7500.0    1500.0 0.10 
     300.0     100.0       1.0       1.0 
    6    10.125       0.0    5000.0   15000.0     100.0    7500.0    1500.0 0.10 
     300.0     100.0       1.0       1.0 
    1    1    2    8    1  101       0.0       0.0       0.0 
    9    9   10    0    0  102       0.0       0.0       0.0 
   10   10   11    0    0  103       0.0       0.0       0.0 
   11   11   12    0    0  104       0.0       0.0       0.0 
   12   12   13    0    0  105       0.0       0.0       0.0 
   13   13   14    0    0  106       0.0       0.0       0.0 
   14   14   16    0    0  107       0.0       0.0       0.0 
   15   16   18   30    2  108       0.0       0.0       0.0 
   31   48   50  126    2  109       0.0       0.0       0.0 
  127  240  242  182    2  108       0.0       0.0       0.0 
  183  352  354  190    2  110       0.0       0.0       0.0 
  191   15   17    0    0  111       0.0       0.0       0.0 
  192   17   19  207    2  112       0.0       0.0       0.0 
  208   49   51  303    2  113       0.0       0.0       0.0 
  304  241  243  359    2  112       0.0       0.0       0.0 
  360  353  355  367    2  114       0.0       0.0       0.0 
  368    1    0    0    0  301       0.0       0.0       0.0       0.0       0.0 
  369    2    0  373    1  302       0.0       0.0       0.0       0.0       0.0 
  374    7    0  376    1  303       0.0       0.0       0.0       0.0       0.0 




  379   16   17  381   16  304       0.0       0.0       0.0       0.0       0.0 
  382   80   81  387   32  304       0.0       0.0       0.0       0.0       0.0 
  388  256  257  394   16  304       0.0       0.0       0.0       0.0       0.0 
  395  368  369    0    0  305       0.0       0.0       0.0       0.0       0.0 
  396   15    0    0    0  306       0.0       0.0       0.0       0.0       0.0 
    4393.0   40000.0   20    6    4    0    1 
    1     0.055      0.12      6.00      17.0 
    2     0.057      0.15      7.00      18.0 
    3     0.062      0.18     10.00      12.0 
    4     0.110      0.35     12.00       6.0 
    5      0.35      0.45      6.00       5.0 
    6      1.45      1.50     15.00       1.0 
    1    100.75    15.875    1      12.0    1    0    0    0 
    2    100.75    27.875    1      12.0    1    0    0    0 
    3    100.75    39.875    2      12.0    1    0    0    0 
    4     88.75    39.875    2      12.0    1    0    0    0 
    5     76.75    39.875    2      12.0    1    0    0    0 
    6     64.75    39.875    2      12.0    1    0    0    0 
    7     52.75    39.875    2      12.0    1    0    0    0 
    8     40.75    39.875    2      12.0    1    0    0    0 
    9     28.75    39.875    2      12.0    1    0    0    0 
   10     16.75    39.875    2      12.0    1    0    0    0 
   11    -13.25    39.875    3      12.0    1    0    0    0 
   12    -33.25    39.875    3      12.0    1    0    0    0 
   13    -53.25    39.875    3      12.0    1    0    0    0 
   14    -73.25    39.875    3      12.0    1    0    0    0 
   15    -93.25    39.875    3      12.0    1    0    0    0 
   16   -113.25    39.875    4      12.0    1    0    0    0 
   17   -113.25   -39.875    4      12.0    0    0    0    0 
   18    100.75   -39.875    1      12.0    0    0    0    0 
   19     69.25     37.75    5       1.0    1    0    0    0 
   20    -62.75     37.75    6       1.0    1    0    0    0 
    1     69.25     37.75       0.0      608. 
    2     69.25    -37.75       0.0      608. 
    3    -62.75     37.75       0.0      492. 
    4    -62.75    -37.75       0.0      492. 
    1       0.0       0.0 














BARRIER VII Input File 
 
MASH 2270P Impact – Final MASH TL-4 Bridge Railing System 
  369   13    8    2  412   28    2    0 
    0.0010    0.0010      0.80  200    0       1.0    1 
    1    5    1    5    5    5    1             
    1       0.0       0.0 
    9     600.0       0.0 
   13     675.0       0.0 
   14    699.75       0.0 
   15    699.75       0.0 
   16     724.5       0.0 
   17     724.5       0.0 
   48     916.5       0.0 
   49     916.5       0.0 
  240    1492.5       0.0 
  241    1492.5       0.0 
  368    2260.5       0.0 
  369    2260.5       0.0 
    1    9    7    1       0.0 
    9   13    3    1       0.0 
   16   48   15    2       0.0 
   17   49   15    2       0.0 
   48  240   95    2       0.0 
   49  241   95    2       0.0 
  240  368   63    2       0.0 
  241  369   63    2       0.0 
    1  191      0.48 
  368  366  364  362  360  358  356  354  352  350 
  348  346  344  342  340  338  336  334  332  330 
  328  326  324  322  320  318  316  314  312  310 
  308  306  304  302  300  298  296  294  292  290 
  288  286  284  282  280  278  276  274  272  270 
  268  266  264  262  260  258  256  254  252  250 
  248  246  244  242  240  238  236  234  232  230 
  228  226  224  222  220  218  216  214  212  210 
  208  206  204  202  200  198  196  194  192  190 
  188  186  184  182  180  178  176  174  172  170 
  168  166  164  162  160  158  156  154  152  150 
  148  146  144  142  140  138  136  134  132  130 
  128  126  124  122  120  118  116  114  112  110 
  108  106  104  102  100   98   96   94   92   90 
   88   86   84   82   80   78   76   74   72   70 
   68   66   64   62   60   58   56   54   52   50 
   48   46   44   42   40   38   36   34   32   30 
   28   26   24   22   20   18   16   14   13   12 
   11   10    9    8    7    6    5    4    3    2 
    1 
    2  178      0.48 
  369  367  365  363  361  359  357  355  353  351 
  349  347  345  343  341  339  337  335  333  331 
  329  327  325  323  321  319  317  315  313  311 
  309  307  305  303  301  299  297  295  293  291 
  289  287  285  283  281  279  277  275  273  271 
  269  267  265  263  261  259  257  255  253  251 
  249  247  245  243  241  239  237  235  233  231 




  209  207  205  203  201  199  197  195  193  191 
  189  187  185  183  181  179  177  175  173  171 
  169  167  165  163  161  159  157  155  153  151 
  149  147  145  143  141  139  137  135  133  131 
  129  127  125  123  121  119  117  115  113  111 
  109  107  105  103  101   99   97   95   93   91 
   89   87   85   83   81   79   77   75   73   71 
   69   67   65   63   61   59   57   55   53   51 
   49   47   45   43   41   39   37   35   33   31 
   29   27   25   23   21   19   17   15 
  100   14 
    1      2.29      1.99     75.00   30000.0      6.92      99.5      68.5 0.10 
    2      2.48      2.13     18.75   30000.0      7.41     106.5      73.5 0.10 
    3      2.83      2.41     18.75   30000.0      8.38     120.5      83.5 0.10 
    4      3.17      2.68     18.75   30000.0      9.35     134.0      93.5 0.10 
    5      3.52      2.96     18.75   30000.0     10.32     148.0     103.5 0.10 
    6      3.76      3.10     24.75   30000.0     10.81     155.0     109.5 0.10 
    7    1397.6     145.1     24.75    1600.0      34.5     386.3    1568.6 0.10 
    8    1397.6     145.1     12.00    1600.0      34.5     386.3    1568.6 0.10 
    9    1397.6     145.1      6.00    1600.0      34.5     386.3    1568.6 0.10 
   10    1397.6     145.1     12.00    1600.0      34.5     386.3    1568.6 0.10 
   11    1260.0     105.0     24.75    1500.0      25.0     192.4     869.3 0.10 
   12    1260.0     105.0     12.00    1500.0      25.0     192.4     869.3 0.10 
   13    1260.0     105.0      6.00    1500.0      25.0     192.4     869.3 0.10 
   14    1260.0     105.0     12.00    1500.0      25.0     192.4     869.3 0.10 
  300    7 
    1      21.0       0.0    5000.0   15000.0     100.0    7500.0    1500.0 0.10 
     300.0     100.0       1.0       1.0 
    2      21.0       0.0      15.0      11.0      50.0     315.0     231.0 0.10 
      18.8      13.8      20.0      20.0 
    3      21.0       0.0      15.0      15.0      77.0     315.0     315.0 0.10 
      18.8      18.8      20.0      20.0 
    4     33.25    14.625      9.38      8.75      39.3     416.5    605.15 0.10 
      30.0      30.0       4.0      10.0 
    5     33.25    14.625      9.38      3.26      39.3     416.5    676.38 0.10 
      30.0      30.0       4.0      10.0 
    6     33.25    14.625    5000.0   15000.0     100.0    7500.0    1500.0 0.10 
     300.0     100.0       1.0       1.0 
    7    14.625       0.0       1.0       1.0       1.0       1.0       1.0 0.10 
       1.0       1.0       1.0       1.0 
    1    1    2    8    1  101       0.0       0.0       0.0 
    9    9   10    0    0  102       0.0       0.0       0.0 
   10   10   11    0    0  103       0.0       0.0       0.0 
   11   11   12    0    0  104       0.0       0.0       0.0 
   12   12   13    0    0  105       0.0       0.0       0.0 
   13   13   14    0    0  106       0.0       0.0       0.0 
   14   14   16    0    0  107       0.0       0.0       0.0 
   15   16   18   30    2  108       0.0       0.0       0.0 
   31   48   50  126    2  109       0.0       0.0       0.0 
  127  240  242  182    2  108       0.0       0.0       0.0 
  183  352  354  190    2  110       0.0       0.0       0.0 
  191   15   17    0    0  111       0.0       0.0       0.0 
  192   17   19  207    2  112       0.0       0.0       0.0 
  208   49   51  303    2  113       0.0       0.0       0.0 
  304  241  243  359    2  112       0.0       0.0       0.0 
  360  353  355  367    2  114       0.0       0.0       0.0 
  368    1    0    0    0  301       0.0       0.0       0.0       0.0       0.0 




  374    7    0  376    1  303       0.0       0.0       0.0       0.0       0.0 
  377   11    0  378    2  303       0.0       0.0       0.0       0.0       0.0 
  379   16   17  381   16  304       0.0       0.0       0.0       0.0       0.0 
  382   80   81  387   32  304       0.0       0.0       0.0       0.0       0.0 
  388  256  257  394   16  304       0.0       0.0       0.0       0.0       0.0 
  395   16   17  397   16  305       0.0       0.0       0.0       0.0       0.0 
  398   80   81  403   32  305       0.0       0.0       0.0       0.0       0.0 
  404  256  257  410   16  305       0.0       0.0       0.0       0.0       0.0 
  411  368  369    0    0  306       0.0       0.0       0.0       0.0       0.0 
  412   15    0    0    0  307       0.0       0.0       0.0       0.0       0.0 
    5000.0   58310.0   20    6    4    0    1 
    1     0.055      0.12      6.00      17.0 
    2     0.057      0.15      7.00      18.0 
    3     0.062      0.18     10.00      12.0 
    4     0.110      0.35     12.00       6.0 
    5      0.35      0.45      6.00       5.0 
    6      1.45      1.50     15.00       1.0 
    1    102.50    15.875    1      12.0    1    0    0    0 
    2    102.50    27.875    1      12.0    1    0    0    0 
    3    102.50    39.000    2      12.0    1    0    0    0 
    4     88.75    39.000    2      12.0    1    0    0    0 
    5     76.75    39.000    2      12.0    1    0    0    0 
    6     64.75    39.000    2      12.0    1    0    0    0 
    7     52.75    39.000    2      12.0    1    0    0    0 
    8     40.75    39.000    2      12.0    1    0    0    0 
    9     28.75    39.000    2      12.0    1    0    0    0 
   10     16.75    39.000    2      12.0    1    0    0    0 
   11    -13.25    39.000    3      12.0    1    0    0    0 
   12    -33.25    39.000    3      12.0    1    0    0    0 
   13    -53.25    39.000    3      12.0    1    0    0    0 
   14    -73.25    39.000    3      12.0    1    0    0    0 
   15    -93.25    39.000    3      12.0    1    0    0    0 
   16   -125.35    39.000    4      12.0    1    0    0    0 
   17   -125.35   -39.000    4      12.0    0    0    0    0 
   18    102.50   -39.000    1      12.0    0    0    0    0 
   19     62.40     33.90    5       1.0    1    0    0    0 
   20    -77.85     33.90    6       1.0    1    0    0    0 
    1     62.40     33.90       0.0      608. 
    2     62.40    -33.90       0.0      608. 
    3    -77.85     33.90       0.0      492. 
    4    -77.85    -33.90       0.0      492. 
    1       0.0       0.0 



















ATTACHMENT NO. 1 
Questions and Clarifications 
 
Initial Response: Additional Background - Many recently-installed F.S. projects 
currently in-place have incorporated design aides available in FPL-GTR-125; 
which includes features and details slightly divergent from the modern design 
aides of FPL-GTR-260 referenced by the Railing Team.  The older aides are 
found here: https://www.fpl.fs.fed.us/documnts/fplgtr/fplgtr125.pdf 
 
Further, the referred FPL-GTR-260 is not yet adopted by F.S. bridge 
programming, and with the variability of modern practices, and the presence of 
wide array of pre-existing bridges installed according to obsolete design which 
are due for barrier upgrades; it is preferable objective for this study to consider the 
“weakest link” of design options, and indicate the applicable-range of where the 
proposed barrier system would be acceptable for use based on a minimum criteria, 
or minimum characteristics, which accommodates the application. 
 
1. What is the shortest bridge span length as well as the typical range of bridge span 
lengths that will likely utilize the MASH TL-1 glulam timber curb system?   
 
Response: F.S. bridges range a wide array of spans, from less than 10-ft to over 100-
ft, or more.  F.S. barrier selection is based not on span-length, but instead based 
on traffic-volume, traffic-type, speed, and alignment. 
 
2. What is the most common glulam girder width that will be used with the transverse 
deck panels?   
 
Response: F.S. does not have a standard glulam girder width, and design of girder 
members is variable according to the distinct project design objectives, often 
ranges from approx. 6-in to nearly 12-in. 
 
Comments: Shorter spans utilize smaller girders. We only need a short span for 
testing so the relatively small girders can be used in accordance with the standard 
plans. 
 
3. What is the typical connection system to attach glulam timber deck panels to glulam 
timber girders?   
a. Lag Screws – length and diameter 
b. Nails – Refer to Proposal Timber Bridge Drawing Set 
c. Brackets – Refer to FPL-GTR-260 Figure 3.37 
 
Response: F.S. has not adopted a standard connection method, and design of 
connections is variable according to the distinct project design objectives.  Either 
connection method may be incorporated within the range of F.S. projects.  When 
used, lag screws are designed according to National Design Specifications from 





Comments: As an initial plan, we had decided to proceed using the brackets as there 
are details for the brackets in the standard plans documents and MwRSF has used 
them in the construction of similar decks in the past. Upon analysis and in an 
effort to minimize construction costs, we realized the brackets would require more 
excavation and that lag screws could potentially solve this issue. An analysis was 
done to compare strength of the two connection types and will be discussed in a 
future meeting. 
 
4. Is it common to utilize shear transfer hardware between adjacent transverse, glulam 
timber deck panels within the exterior cantilevered region in order to better distribute 
vertical/lateral impact loading?  
a. Researchers may need to consider to provide comparable behavior and 
strength between nail-laminated and glued-laminated panels. 
 
Response: F.S. has not adopted a standard connection method of exterior cantilevered 
regions, the exterior region is connected in similar manner as the interior regions 
of panels for the particular project. 
 
5. Is it common to utilize longitudinal stiffening beams between girders? Are these 
beams used for vertical shear transfer between panels?   
a. These beams are shown between girders, but not beyond the outer girder. 
Is this typical? Refer to FPL-GTR-260 Figure 3.30 
 
Response: F.S. has not adopted a standard for using stiffener beams, and design of 
stiffeners is variable according to the distinct project design objectives.  When in 
use, stiffener beams provide continuity of vertical shear between panels; 
alternatively, some installations include dowel inserts along mid-height of each 
panel interface, other installations do not include inter-panel connection.  When in 
use, stiffener beams are generally within the interior bays of girders, and not 
along the cantilevered portion of panels. 
 
Comments: Because these stiffening beams and other shear transfer devices are not 
used on all bridges, for worst case scenario testing, our surrogate bridge will not 
utilize such components. 
 
6. What is the typical range for deck overhang distance beyond the exterior glulam 
girder as measured between centerline of glulam girder to edge of deck?  
a. WVDOT MASH 2009 TL-1 Curb Railing System utilized 4 ft – 2 in. to 
center of steel girder 
b. Proposal Timber Bridge Drawing Set shows 2 ft - 3 in. to center of glulam 
girder 
c. FPL-GTR-260 shows 1 ft - 11½ in. for multilane bridge or 1 ft – 6 in. for 





Response: F.S. has not adopted standard criteria for deck overhang, and design of 
overhang is variable according to the distinct project design objectives; influenced 
by travel-width and girder- size, count, and spacing, often resulting in approx. 2-ft 
overhang; while the FPL-GTR-260 has overhang up to 3-ft. 
 
7. When configuring a surrogate test bridge for component testing program, is it 
acceptable to use FPL-GTR-260 Standard Plans for Glued-Laminated Timber Bridge 
Superstructures to estimate girder spacings?   
a. FPL-GTR-260 shows girders at 4 ft – 5 in. for multilane bridge or 3 ft – 8 
in. for single lane bridge (Figures 3.16 and 3.18) 
b. Proposal Timber Bridge Drawing Set shows girders at 3 ft – 10 in. 
 
Response: F.S. single-lane bridges are generally 14-ft inside-barrier-face (16-foot 
outer width), and with assuming 4-girder lines, then a spacing of approx. 4-ft is a 
suitable simplifying assumption. 
 
8. What range of bridge/roadway widths, as measured from barrier face to barrier face, 
should be considered for the MASH TL-1 glulam timber curb systems?   
a. A panel width of 4 ft (measured in direction of traffic) is assumed. 
 
Response: F.S. bridges are generally 14-ft for single-lane bridges, and 24-ft for 
double-lane, inside barrier faces, 4-ft panel width in direction of travel is an 
acceptable assumption. 
 
Comments: As this is a surrogate bridge, we will utilize a layout that represents a 
portion of the roadway width, providing adequate decking to allow for the full 
testing program to be run. 
 
9. For testing purposes, researchers will use a surrogate 2-in. thick, wearing service of 
either concrete, asphalt, or timber planking material? Is this selection acceptable?   
 
Response: A surrogate wearing surface thickness of 2 in. is acceptable. 
 
Comments: In the standard plans document FPL-GTR-125, the wearing surface is 
shown to be 3” thick at the center of the roadway with a minimum thickness of 
1.5” at the face of the barrier. Discussion is needed to clarify if a 3” overlay needs 













The following equations and calculations were used to determine the strength of 
different glulam deck panel to girder connection types. The equations as provided in the 
2018 NDS [51] and the 15th Edition AISC Steel Construction Manual [81] are shown 





The following calculations shown are performed based on the properties of 
aluminum brackets made of aluminum alloy 356 and ⅝-in. diameter, ASTM A307 Grade 
A bolts. Aluminum alloy 356 has a yield strength of 24 ksi and an ultimate strength of 33 
ksi. ASTM A307 Grade A bolts have a nominal tensile strength of 60 ksi, and the yield 
strength is estimated by 75% of the nominal strength. Dimensions for the brackets can be 
found in Figure 135 of Section 9.3.3.3. 
Bolt Tensile Capacity 
𝜑𝑅𝑛 = 𝜑𝐹𝑛𝑡𝐴𝑏 Eq. J-1 








) = 10.4 𝑘/𝑏𝑜𝑙𝑡 
Where: φ = resistance factor 
  Rn = nominal resistance (k) 
  Fnt = tensile yield strength of bolt (ksi) 
  Ab = cross-sectional area of bolt (in.
2) 
 
Bolt Shear Capacity 
𝜑𝑅𝑛 = 𝜑𝐹𝑛𝑣𝐴𝑏 Eq. J-2 








) = 6.23 𝑘/𝑏𝑜𝑙𝑡 
Where: φ = resistance factor 
  Rn = nominal resistance (k) 
  Fnt = shear yield strength of bolt (ksi) 











Bracket Tearout Capacity 
𝜑𝑅𝑛 = 𝜑1.5𝑙𝑐𝑡𝐹𝑢 Eq. J-3 
= (0.75)(1.5)(1.125 𝑖𝑛. )(0.375 𝑖𝑛. )(33 𝑘𝑠𝑖) = 15.7 𝑘/𝑏𝑟𝑎𝑐𝑘𝑒𝑡 
Where: φ = resistance factor 
  Rn = nominal resistance (k) 
  lc = clear distance from edge of hole to edge of material (in.) 
  t = thickness of material (in.) 
  Fu = ultimate strength of material (ksi) 
 
This equation applies for a bracket where deformation of the bolt hole at the service load 
is not a design consideration. 
Bracket Shear Capacity 
𝜑𝑅𝑛 = 𝜑𝐹𝑛𝑣𝐴𝑏 Eq. J-4 
= (0.75)(0.6 ∗ 33 𝑘𝑠𝑖)(0.375 𝑖𝑛. )(4 𝑖𝑛. ) = 22.3 𝑘/𝑏𝑟𝑎𝑐𝑘𝑒𝑡 
Where: φ = resistance factor 
  Rn = nominal resistance (k) 
  Fnt = shear strength of material (ksi) 















The following calculations shown are performed based on the properties of ¾-in. 
diameter, ASTM A307 Grade A lag screws. ASTM A307 Grade A lag screws have a 
nominal tensile strength of 60 ksi, and the yield strength is estimated by 75% of the nominal 
strength. The shear and tensile capacities of the screws are calculated based on the root 
diameter in the threaded portion of the screw. For a ¾ in. screw, the root diameter is 0.579 
in. The lag screws are assumed to be have adequate penetration depth to avoid strengths 
reductions, thus the minimum length of each screw is 11 in. The lag screws are also 
assumed to be penetrating members that are both DF with a specific gravity of 0.50. 
Lag Screw Tensile Capacity 
𝜑𝑅𝑛 = 𝜑𝐹𝑛𝑡𝐴𝑏 Eq. J-5 
= (0.75)(0.75 ∗ 60 𝑘𝑠𝑖) (
𝜋
4
∗ (0.579 𝑖𝑛. )2) = 8.89 𝑘/𝑏𝑜𝑙𝑡 
Where: φ = resistance factor 
  Rn = nominal resistance (k) 
  Fnt = tensile yield strength of lag screw (ksi) 
  Ab = cross-sectional area of lag screw at root diameter (in.
2) 
 
Lag Screw Shear Capacity 
𝜑𝑅𝑛 = 𝜑𝐹𝑛𝑣𝐴𝑏 Eq. J-6 
  
= (0.75)(0.6 ∗ 0.75 ∗ 60) (
𝜋
4
∗ (0.579 𝑖𝑛. )2) = 5.33 𝑘/𝑏𝑜𝑙𝑡  
 
Where: φ = resistance factor 
  Rn = nominal resistance (k) 
  Fnt = shear yield strength of lag screw (ksi) 









Lag Screw Withdrawal Capacity 
𝑊′ = 𝑊𝐶𝑀
2𝐶𝑡𝐶𝑒𝑔𝐶𝑡𝑛𝐾𝐹𝜑𝜆 Eq. J-7 
Where: W’ = applicable adjusted withdrawal strength (lb/in. of thread) 
W = reference withdrawal values specified in Table 12.2A of 2018 NDS 
(lb/in. of thread) 
CM = wet service factor specified in Table 11.3.3 = 1.00 
Ct = temperature factor specified in Table 11.3.4 = 1.00 
Ceg = end grain factor specified in Article 12.2.1.3 = 1.00 
Ctn = toe-nail factor specified in Article 12 = 1.00 
KF = format conversion factor specified in Table 11.3.1 = 3.32 
φ = resistance factor specified in Table 11.3.1 = 0.65 











Total withdrawal strength for a ¾ in. lag screw that is 11 in. long (5½ in. of thread): 
𝑊𝑡𝑜𝑡𝑎𝑙 = 𝑊
′ ∗ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑟𝑒𝑎𝑑 = 1,384
𝑙𝑏
𝑖𝑛.







Lag Screw Lateral Failure Capacity 
𝑍′ = 𝑍𝐶𝑚𝐶𝑡𝐶𝑔𝐶∆𝐶𝑒𝑔𝐶𝑑𝑖𝐶𝑡𝑛𝐾𝐹𝜑𝜆 Eq. J-8 
Where: Z’ = applicable adjusted lateral strength (lb) 
Z = reference lateral strength values calculated from Equations in Table 
12.3.1A in 2018 NDS (lb) 
CM = wet service factor specified in Table 11.3.3 = 1.00 
Ct = temperature factor specified in Table 11.3.4 = 1.00 
Cg = group action factor specified in Article 11.3.6 = 1.00 
CΔ = geometry factor specified in Article 12.5.1 = 1.00 
Ceg = end grain factor specified in Article 12.2.1.3 = 1.00 
Cdi = diaphragm factor specified in Article 12.5.3 = 1.00 
Ctn = toe-nail factor specified in Article 12 = 1.00 
KF = format conversion factor specified in Table 11.3.1 = 3.32 
φ = resistance factor specified in Table 11.3.1 = 0.65 








Yield Limit Equations for Lateral Failure 
𝑀𝑜𝑑𝑒 𝐼𝑚 → 𝑍 =
𝐷𝑙𝑚𝐹𝑒𝑚
𝑅𝑑
  Eq. J-9 
 
𝑀𝑜𝑑𝑒 𝐼𝑠 → 𝑍 =
𝐷𝑙𝑠𝐹𝑒𝑠
𝑅𝑑
 Eq. J-10 
 
𝑀𝑜𝑑𝑒 𝐼𝐼 → 𝑍 =
𝑘1𝐷𝑙𝑠𝐹𝑒𝑠
𝑅𝑑
 Eq. J-11 
 
𝑀𝑜𝑑𝑒 𝐼𝐼𝐼𝑚 → 𝑍 =
𝑘2𝐷𝑙𝑚𝐹𝑒𝑚
(1+2𝑅𝑒)𝑅𝑑
 Eq. J-12 
 
𝑀𝑜𝑑𝑒 𝐼𝐼𝐼𝑠 → 𝑍 =
𝑘3𝐷𝑙𝑠𝐹𝑒𝑠
(2+𝑅𝑒)𝑅𝑑
 Eq. J-13 
 






 Eq. J-14 
 
 
Where: Z = reference lateral strength values (lb) 
  D = diameter of lag screw (in.) 
  Fyb = dowel bending yield strength (psi) = 45,000 psi 
  Rd = reduction term where: 
   For fasteners between ¼ in. and 1 in. in diameter: 
    Im, Is    4Kθ 
    II    3.6Kθ 
    IIIm, IIIs, IV    3.2Kθ 
And, Kθ = 1+0.25(θ/90˚) and θ is the maximum angle between the 
direction of load and the direction of grain for any member 
in the connection 
  Re = Fem/Fes 
  Rt = lm/ls 
  lm = main member dowel bearing length (in.) 
  ls = side member dowel bearing length (in.) 
  Fem = main member dowel bearing strength (psi), from Table 12.3.3 
  Fes = side member dowel bearing strength (psi), from Table 12.3.3 








 Eq. J-15 
 
















2  Eq. J-17 
Parameters: 
 
 D = 0.75 in. 
 lm = 6 in. 
 ls = 4.375 in. 
 Fem = 2600 psi 
 Fes = 2600 psi 














𝑅𝑑  𝑓𝑜𝑟 𝐼𝑚, 𝐼𝑠 =  4(1 + 0.25(90/90)) = 5 
𝑅𝑑  𝑓𝑜𝑟 𝐼𝐼 =  3.6(1 + 0.25(90/90)) = 4.5 








𝑘2 = −1 + √2(1 + 1.00) +
2(45,000 𝑝𝑠𝑖)(1 + 2(1.00))(0.75)2
3(2,600 𝑝𝑠𝑖)(6 𝑖𝑛. )2
= 1.131 
 




2(45,000 𝑝𝑠𝑖)(2 + 1.00)(0.75)2















Reference Lateral Strength Calculations: 
 




(0.75 𝑖𝑛. )(6 𝑖𝑛. )(2,600 𝑝𝑠𝑖)
5
= 2,340 𝑙𝑏  
 




(0.75 𝑖𝑛. )(4.375 𝑖𝑛. )(2,600 𝑝𝑠𝑖)
5
= 1,706 𝑙𝑏 
 




(0.501)(0.75 𝑖𝑛. )(4.375 𝑖𝑛. )(2,600 𝑝𝑠𝑖)
4.5
= 951 𝑙𝑏 
 




(1.131)(0.75 𝑖𝑛. )(6 𝑖𝑛. )(2,600 𝑝𝑠𝑖)
(1 + 2(1.00))4
= 1,103 𝑙𝑏 
 




(1.240)(0.75 𝑖𝑛. )(4.375 𝑖𝑛. )(2,600 𝑝𝑠𝑖)
(2 + 1.00)4
= 882 𝑙𝑏 
 












= 878 𝑙𝑏 
 
 
Adjusted Lateral Strength Calculation:  
In this case, Mode IV controls the lateral strength of the lag screws. The calculated 
reference lateral strength value from this mode can then be used to find the adjusted lateral 
strength of a single lag screw as follows: 
𝑍′ = 𝑍𝐶𝑚𝐶𝑡𝐶𝑔𝐶∆𝐶𝑒𝑔𝐶𝑑𝑖𝐶𝑡𝑛𝐾𝐹𝜑𝜆








With 4 lag screws contributing to the lateral strength along each girder for each panel, the 
total adjusted lateral strength is calculated as follows: 
𝑍𝑡𝑜𝑡𝑎𝑙 = 𝑍
′ ∗ 𝑁𝑜. 𝑜𝑓 𝐿𝑎𝑔 𝑆𝑐𝑟𝑒𝑤𝑠 = 2.37
𝑘
𝑠𝑐𝑟𝑒𝑤
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